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SUMMARY 
The electroactive polymer, polypyrrole (PPY), can be readily surface functionalized 
for further coupling reactions. The surface modified PPY film still retained its bulk 
properties such as conductivity and mechanical strength, in addition to improvements 
in its surface properties for specific applications. In this thesis, different approaches of 
surface modification of PPY film have been developed. The surface modified PPY 
films were further explored for biological applications with and without electrical 
stimulation. 
A surface modification technique was developed for the covalent immobilization of 
heparin onto PPY film. The PPY film was first graft copolymerized with poly(ethylene 
glycol) methacrylate (PEGMA) and then activated with cyanuric chloride, and finally 
heparin was immobilized. The PEGMA graft copolymerized PPY surfaces with 
immobilized heparin has good bioactivity: platelet adhesion and platelet activation on 
PPY film was significantly suppressed, and the plasma recalcification time (PRT) was 
significantly prolonged; in addition, low level of protein adsorption, high ratio of 
albumin to fibrinogen adsorption and low thrombus formation have also been achieved 
on the PPY film surfaces. Electrical stimulation also plays a positive role in enhancing 
the bioactivity of the pristine and surface modified PPY films. Finally, the blood 
compatibility of the heparin immobilized PPY was compared with that of the sulfated 
hyaluronic acid immobilized PPY film.  
The surface modification technique was further extended to covalently immobilize a 
layer of poly(vinyl alcohol) (PVA) hydrogel on polymeric surfaces, which provides an 
alternative way to heparinize the surfaces. Firstly, the technique was carried out on 
poly(ethylene terephthalate) (PET) film: PEGMA graft copolymerization was 
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performed on PET followed by oxidation of the hydroxyl end groups to produce 
aldehyde groups, and then PVA hydrogel was immobilized. To further improve the 
biocompatibility of the PVA layered PET film, heparin was immobilized using two 
different techniques, physical entrapment and covalent binding. 
A layer of PVA with physically entrapped heparin was also successfully surface 
immobilized on PPY films (PPY-PVA-heparin) in a similar manner as that carried out 
for PET. The release behavior of heparin from the PPY-PVA-heparin substrate 
depended on the swellability of the substrate as well as the electrical stimulation. The 
experimental results showed that the heparin release rate can be controlled in a 
pulsatile fashion using electrical stimulation. The release rate obtained when a current 
of 3.5 mA is passed through the PPY is two-fold higher than that without electrical 
stimulation. 
Bulk modification of PPY with PVA was carried out by the electropolymerization of 
pyrrole in the presence of PVA in the reaction solution, with tetraethylammonium 
perchlorate (TEAP) as the electrolyte (PPY-TEAP-PVA). The PPY-TEAP-PVA 
composite is electrically conductive, hydrophilic and microporous with a high surface 
area. Its potential as a biomaterial was investigated with respect to its blood 
compatibility and function as a substrate for biosensor fabrication and cell culture. The 
presence of PVA in the film attenuates blood protein adsorption and the porous nature 
of the PPY-TEAP-PVA film results in a ten-fold increase in the amount of glucose 
oxidase covalently immobilized on the film over that on a non-porous PPY film. Rat 
phaeochromocytoma (PC12) cell attachment and growth on the PPY-TEAP-PVA film 
was also shown to be enhanced compared with that on tissue culture polystyrene. 
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CHAPTER 1 INTRODUCTION 
  2
A breakthrough was made in 1977 when Hideki Shirakawa, Alan MacDiarmid and 
Alan Heeger synthesized the electrically conducting organic polymers—halogen 
derivatives of polyacetylene (Shirakawa et al. 1977). Ever since then, a new class of 
organic polymers with remarkable electrical conductivity called electroactive and 
conducting polymers (ECPs) has been widely studied. Much progress has been 
achieved in this area including the synthesis of a wide variety of ECPs and the 
development of their applications in various fields such as batteries, capacitors, 
actuators, sensors, membranes, smart windows and communication and 
characterization tools etc (Lu et al. 1995; Jagur-Grodzinski 2002; Li et al. 2002). 
These organic electronic conductors including polypyrrole (PPY), polythiophene, 
polyaniline etc. typically exhibit high electrical conductivity in a range of 1-1000 S 
cm-1. As well as being organic conductors, these versatile materials have another 
critical property essential for biocommunications, namely their ability to be rapidly 
and reversibly switched between different oxidation states. In addition, various 
molecules involving simple amino acids, more complex protein structures, 
deoxyribonucleic acid (DNA), and even whole living cells, can be incorporated into 
the ECPs films during electrochemical polymerization. Hence, ECPs (especially PPY) 
have vast potential in controlling and monitoring biointeractions via its functions as 
biocompatible materials, biosensors, controlled release matrices etc. Generally, these 
functions can be achieved by direct electrical stimulation in situ or by modification of 
ECPs. The electrical stimulation usually involves changing the oxidation state of ECPs, 
or just applying a potential on ECPs etc (Wallace and Kane-Maguire 2002; Wallace et 
al. 2003). In addition, passage of a direct current (DC) current or applying a DC 
voltage through ECPs also has some effects on ECPs. For example, the study of 
Ouyang and Li (1995) shows that the conductivity of PPY films increased by applying 
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a higher DC voltage above 3V. They proposed that the dopant ions will move to a 
quasistable state under the higher electric field, which causes a structural change of the 
PPY chains. Studies by Okuzaki (Okuzaki and Kunugi 1998; Okuzaki and Funasaka 
2000a; Okuzaki and Funasaka 2000b) show that dimensional change of PPY film 
occurs when a DC voltage of 2 V was applied, which is expressed by two processes 
both caused by the Joule heating: contraction due to desorption of water vapor and 
thermal expansion of the polymer chains. some work has been carried out to 
investigate cell growth and fibronectin adsorption on PPY under the passage of a DC 
current (Schmidt et al. 1997; Kotwal and Schmidt 2001). However, so far, no work has 
been performed to study the effect of DC current on the interactions between 
conductive polymer and blood systems including blood coagulation, platelet adhesion 
and plasma proteins adsorption. Besides electrical stimulation, sometimes, it is 
necessary to modify ECPs with biomolecules to facilitate specific interactions with 
biosystems (Foulds and Lowe 1986; Zhou et al. 1999). In most cases, the biomolecules 
are incorporated into ECPs via physical entrapment and very few studies have been 
done on the covalent immobilization of biomolecules on synthesized conductive 
polymer. 
This Ph.D thesis was undertaken to address the challenge of incorporating 
biomolecules into ECPs. We hypothesized that the potential biomedical applications of 
PPY can be enhanced through the development of techniques for covalently attaching 
biomolecules, appropriate use of electrical stimulation, and the preparation of high 
surface area biocompatible PPY substrate. 
The specific tasks of this Ph.D study were as follows: 
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1) To develop a technique of covalent binding polysaccharides including heparin, 
hyaluronic acid onto PPY, and explore the effect of electrical stimulation on enhancing 
the biocompatibility of the conductive polymers.  
2) To develop a technique to covalently bond a hydrogel onto polymeric surfaces and 
explore the biomedical application of this system as biocompatible materials and drug 
release matrix. 
3) To prepare PPY which has a porous structure and investigate the potential 
biomedical applications of this type of porous PPY with respect to its blood 
compatibility and function as a substrate for biosensor fabrication and cell culture.  
In Chapter 2, synthesis techniques and general applications of ECPs (especially PPY) 
will be reviewed. In addition, the modification of ECPs for biomedical applications 
such as biocompatible materials, controlled release matrices and biosensors will be 
reviewed. 
Chapter 3 describes a surface modification technique developed for the covalent 
immobilization of heparin onto PPY film. Poly(ethylene glycol) methacrylate 
(PEGMA) was graft copolymerized onto PPY film via UV irradiation. The hydroxyl 
end groups of the PEGMA copolymer on the PPY surface were then activated with 
cyanuric chloride, and finally heparin was coupled. The amount of the heparin 
immobilized on the PPY surface can be easily controlled by changing the 
concentration of –Cl on the PPY surface. With immobilized heparin, the blood 
compatibility of the PPY film improved significantly, as evaluated using platelet 
adhesion and plasma recalcification time (PRT) tests. Electrical stimulation also plays 
a positive role in enhancing the blood compatibility of the various PPY films.  
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For biomaterials in contact with blood, plasma proteins are adsorbed on the material 
surfaces quickly prior to platelet adhesion. The composition of the adsorbed plasma 
protein film is a key determinant of all subsequent biological response. Hence, in the 
second part of Chapter 3, in vitro plasma protein adsorption and thrombus formation 
experiments were carried out on the various surface-modified PPY films. The effect of 
electrical stimulation on protein adsorption and thrombus formation was also evaluated. 
The PEGMA graft copolymerized PPY surfaces with immobilized heparin had good 
bioactivity, as indicated by a low level of protein adsorption, high ratio of albumin to 
fibrinogen adsorption and low thrombus formation.  
Finally, in the third part of Chapter 3, the blood compatibility of the heparin 
immobilized PPY film was compared with that of the sulfated hyaluronic acid (SHA) 
immobilized PPY film, because SHA can act as an alternative to heparin and a high 
concentration of hyaluronic acid (HA) has been successfully covalently immobilized 
onto PPY film (Cen et al. 2002). 
Surface coating of poly(vinyl alcohol) (PVA) has been frequently applied to strongly 
attenuate the adsorption of proteins. However, a potential problem with the simple 
adsorption technique is the high tendency for the adsorbed PVA polymer to be eluted 
off the surface. Hence, in Chapter 4, a surface modification technique for the surface 
immobilization of PVA is described. The technique was first applied on poly(ethylene 
terephthalate) (PET) film. The PET film was surface graft copolymerized with 
PEGMA. Then, the hydroxyl end groups were oxidized to produce aldehyde groups 
which subsequently reacted with the hydroxyl groups of the PVA hydrogel to achieve 
the covalent binding of the PVA hydrogel to the PET film. The attachment of the PVA 
layer to the PET film was confirmed by observing the cross-section of the PET-PVA 
film using scanning electron microscopy (SEM) and from the results of the peel test 
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using fine tweezers. Heparin was immobilized on the PVA layered PET using two 
different methods, physical entrapment and covalent binding, to further improve the 
biocompatibility of the film. Attenuated total reflectance (ATR) FT-IR spectroscopy 
and X-ray photoelectron spectroscopy (XPS) were used to characterize the chemical 
composition of the surface modified films. The biocompatibility of the various surface 
modified PET films was evaluated using PRT and platelet adhesion. 
In the second part of Chapter 4, PPY film was surface immobilized with a layer of 
PVA in the similar way as that for PVA immobilization on PET. Heparin was 
physically entrapped in the PVA matrix. The release behavior of heparin from the 
substrate with and without electrical stimulation was studied and the experimental 
results showed that the heparin release rate from the PPY-PVA substrate can be 
controlled in a pulsatile fashion using an electric current and with a current of 3.5 mA 
the release rate was two-fold higher than that without current. 
Despite the wide applications of PPY film, one of the properties which has restricted 
its developments is its flat surface with limited surface area. In Chapter 5, bulk 
modification of PPY with PVA was carried out by the electropolymerization of pyrrole 
in the presence of PVA in the reaction solution. Tetraethylammonium perchlorate 
(TEAP) was used as the electrolyte. The surface morphology of the as-synthesized 
PPY-TEAP-PVA film was investigated using SEM and the film was further 
characterized using XPS, electrical conductivity, water contact angle and BET surface 
area measurements. As well as being electrically conductive and hydrophilic, the PPY-
TEAP-PVA composite has a high porous structure. The presence of PVA in the film 
attenuates blood protein adsorption. The synthesized PPY-TEAP-PVA film was then 
functionalized with acrylic acid and used as substrate for glucose oxidase (GOD) 
immobilization. Due to the high surface area of the substrate, the amount of GOD 
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immobilized on the substrate and consequently the enzyme activity can be 
substantially increased compared with that achievable using a non-porous PPY film. 
Rat PC12 cell attachment and growth on the PPY-TEAP-PVA film was also shown to 
be enhanced compared with that on tissue culture polystyrene. The attached cells 


















During recent years, there has been an explosive growth of research in the field of 
ECPs owing to their interesting electrical properties and their wide applications in 
various fields. A wide range of ECPs is available, but most of the works have been 
focused on polyacetylene, PPY, polythiophene and polyaniline. Polyacetylene is the 
first conductive polymer synthesized in history. The conductivity of this polymer after 
doping is equal to that of copper. The low stability of polyacetylene has been the major 
obstacle in the way of practical applications of this polymer. Conductive polymers 
based on PPY, polythiophene and polyaniline possess good environmental stability, 
facile synthesis, and high electrical conductivity. These materials have already been the 
objectives of numerous reviews (Bhattacharya and De 1996; Cosnier 1999; 
Malinauskas 2001; Prigodin and Epstein 2001; Wang et al. 2001a; Wallace and Kane-
Maguire 2002; Malinauskas et al. 2004). The following sections will describe the 
synthesis and applications of ECPs and those of PPY will be discussed in detail. 
2.1 Synthesis of Electroactive and Conducting Polymers 
Synthesis of ECPs is generally facile, involving oxidative polymerization of the 
appropriate monomer with the dopant anion being incorporated into the growing 
polymer chains. The oxidation can be achieved chemically, electrochemically, 
photochemically, enzyme catalyzed etc (Wallace et al. 2003). Depending on the 
conditions employed, the ECPs may be produced as films, powders, colloids, or water-
soluble materials. These alternative routes are discussed separately as follows.  
2.1.1 Electrochemical Polymerization 
Electrochemical polymerization of ECPs on electrode surface is usually carried out in 
a three-electrode system by application of a constant potential (potentiostatic), a 
constant current (galvanostatic), or repeated potential cycling. Of the above three 
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modes for polymerization, potentiostatic deposition ensures effective potential control 
and maximizes the reproducibility of the polymerization process. Electrochemical 
polymerization proceeds via a radical-radical coupling mechanism. The detailed 
mechanism of this technique is as follows (Chiang et al. 1977; Diaz et al. 1981; Genies 
et al. 1983; Scott et al. 1983; Chen and Heeger 1988; Schuhmann 1995; 
Chandrasekhar 1999): 
1) Initiation: monomer radical generation via electrochemical oxidation; 
2) Propagation via a) radical-radical recombination; b) loss of two protons from the 
radical-radical intermediate species, generating the dimer; c) electrochemical oxidation 
of the dimer, generating another oligomeric radical; d) combination of this or similar 
oligomeric radicals with monomer radicals; e) polymer chain propagation 
concomitantly with the incorporation of anions from surrounding solution to 
compensate for the positive charges on the polymer chain; 
3) Termination via exhaustion of reactive radical species in the vicinity of the electrode 
and accompanying oxidative or other chain termination processes. 
Eventually, as the polymer chain exceeds a critical length, the solubility limit is 
exceeded and the polymer precipitates on the electrode surface which acts as a product 
collection device. 
The polymer chains in electrochemically synthesized PPY lie parallel to the substrate 
electrode surface, which is proven via electron and x-ray diffraction data. The most 
readily observed structure of PPY films consists of nodules consisting of aggregations 
of smaller particles and has been referred to as a “cauliflower” or “fractal-like” surface. 
It was found that the nodules are dopant-rich high conductivity regions where nuclei 
initially formed and around which polymer grew preferentially. 
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The conditions used for electrochemical polymerization of ECPs have a dramatic 
effect on their chemical, electrical and mechanical properties. Almost all factors that 
influence the properties of electrochemically synthesized conductive polymers 
(especially PPY) have been investigated (Bredas et al. 1984; Mengoli et al. 1984; Fink 
et al. 1987). These factors include electrolyte and its concentration (Chandrasekhar 
1999), pH, temperature, current density, voltage, electrode, and solvent (Mengoli et al. 
1984; Skotheim 1986) etc. The electrolyte will influence the conductivity of the 
solution, the polymer-solvent interaction, the polymer properties, and hence the rate of 
polymerization. The conductivity, tensile strength, and the counteranion doping degree 
of conducting PPY films increase with the increase in the electrolyte concentration in 
polymerization solutions (Li and Yang 1997). The concentration of counterion also 
effects the structure and morphology of ECPs (Shen et al. 1987). These differences in 
morphology will influence surface area and the subsequent rate of polymerization. The 
optimal counterion in terms of conductivity and mechanical strength appear to be the 
sulfonated aromatics, in particular p-toluene sulfonate. It was reported that p-toluene 
sulfonate couterion produced flexible films whereas all other counterions such as 
perchlorate, chloride etc produced brittle films (Peres et al. 1989; Vork et al. 1990). 
Crosslinking is likely to significantly affect the mechanical properties of the polymer: 
the greater the degree of crosslinking, the more brittle the material. 
Electrochemical synthesis has rapidly become the preferred method for preparing 
ECPs due to its simplicity, reproducibility and controllability. In addition, with the 
electrochemical polymerization technique, free standing film of ECPs of high 
conductivity can be obtained; and the conductivity of the film can be controlled by 
application of a reverse electrical potential from oxidized state to less oxidized state or 
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totally reduced to neutral polymer. The main disadvantages of this technique are low 
yield and high cost in comparison with chemical synthesis. 
2.1.2 Chemical Polymerization 
Chemical polymerization of ECPs is normally carried out in solution containing a 
chemical oxidant. The most widely used oxidants for the chemical polymerization of 
ECPs have been ammonium persulfate and ferric chloride. Other oxidants include 
hydrogen peroxide and a range of transitional metal salts. The use of halogens as 
oxidizing agents has also been reported (Neoh et al. 1989). If the oxidizing strength of 
the oxidant is too high, the rate of polymerization is too fast, which results in an 
aggregated low-conductivity material. The mechanism for this technique is usually 
assumed to be similar to that for electrochemical polymerization except that chemical 
polymerization is proposed to proceed via a radical-monomer combination. 
The number of experimental variables available with chemical polymerization is 
greatly reduced because no electrochemical cell or electrodes are involved. Chemical 
polymerization remains of interest because it is easier to be scaled up; it results in 
polymers in the form of powders or colloidal dispersions (Armes and Vincent 1987; 
Cawdery et al. 1988; Armes et al. 1989; Markham et al. 1990; Beadle et al. 1996); it 
can be used to coat other insulating materials (Malinauskas 2001). 
2.1.3 Routes to More Processible Conducting Polymers 
Several approaches have been developed to improve the processibility of ECPs:  
1) Counterion-induced solubilization: Cao et al. (1992) doped polyaniline with 
functionalized protonic acids, thus rendering the polymer conducting and soluble. 
Following this technique, Lee et al. (1997b) and Son et al. (1997) synthesized soluble 
PPY chemically using dodecylbenzene-sulfonate (DBSA) as dopant in aqueous 
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ammonium persulfate solution. The solubilizing ability of the DBSA dopant is 
believed to arise from the long-chain dodecyl groups’ contribution to reducing the 
interactions between the PPY chains as well as assisting solubilization by the organic 
solvents. Other large, surfactant-like sulfonic acids as dopant can similarly cause 
couterion-induced solubilization of PPY. 
2) Colloid formation: A range of neutral water soluble steric stabilizers such as PVA, 
poly(ethylene oxide), or poly(vinyl pyridine), have been successfully employed to 
produce stable, relatively monodispersed PPY particles (Armes and Vincent 1987; 
Cawdery et al. 1988; Armes et al. 1989; Markham et al. 1990; Beadle et al. 1996). 
Ferric chloride has been the most common oxidant for this technique because of its 
medium oxidation strength.  
3) Side chain-induced solubilization: Ruhe et al. (1989) have successfully synthesized 
a variety of PPY from 3-alkyl pyrroles. Pugh and Bloor (1989) polymerized 3,4-
dimethyl pyrrole in acetonitrile. Due to the presence of alkyl substituents, the 
crosslinking is hindered and the polymer dissolves. Audebert et al. (1993) reported the 
solubility of undoped PPY derivatives synthesized from pyrrole monomer substituted 
in the 3 and 4 positions by the alkyl and ester groups. 
4) Oligomer PPY formation: Koshechko et al. (1993) synthesized soluble polymer 
using stable radical cations to stop the polymerization process at the stage of lower 
molecular weight and reduce the likelihood of crosslinking of PPY chains thus 
promoting the solubility of the polymer. 
5) Composite formation: In order to improve the mechanical characteristics as well as 
the processibility of ECPs, they were mixed with conventional non-conductive 
polymeric species. It has been shown recently (Bhat et al. 2001) that free standing, 
homogeneous PPY/PVA (80:20) conductive films may be obtained by 
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electropolymerizing pyrrole in the aqueous PVA solution in the presence of p-toluene 
sulfonic acid. 
2.2 Applications of Electroactive and Conducting Polymers 
The discovery and development of ECPs provide a unique molecular platform on 
which to build bioactive communication systems. When configured properly, ECPs 
can function as molecular wires providing stimuli to control biomolecular events. In 
addition, their redox or pH switching capabilities provide a novel method for the 
controlled release of ionic metabolites or drugs to a biological system. The 
combination of tunable chemical properties with the electronic properties of 
conducting polymers has also had a tremendous impact on the development of new 
sensors. Sensing surfaces have been designed to be capable of interacting with simple 
anions, metal ions, small organic molecules or proteins. The electrical signals 
measured can be current flow, change in capacitance or change in resistance. Each of 
these aspects of biomolecular communication is illustrated below by considering 
selected studies involving ECPs and a number of biologically active species. 
2.2.1 Biocompatible Materials 
2.2.1.1 Pristine Electroactive and Conducting Polymers 
The quest to interact more efficiently with biosystems to obtain information that relates 
to system performance and to control that performance remains an exciting and 
increasingly viable area of research. 
Attempts to modify the behavior of biological systems using electrical stimulation via 
simple metallic electrodes have been of interest. For example, the passage of a small 
electrical current has been shown to stimulate bone regrowth (Lavine and Grodzinsky 
1987), enhance wound healing (Karba et al. 1997), promote nerve regeneration (Kerns 
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et al. 1991), and induce tumor growth delay (Miklavcic et al. 1997). Aizawa and co-
workers used indium tin oxide electrodes to show that electrical stimulation can 
influence cell morphology (Yaoita et al. 1988) and proliferation (Yaoita et al. 1990; 
Kojima et al. 1991). Platinum electrodes were used by the same group (Kojima et al. 
1992) to show that protein production by mammalian cells can be enhanced by 
application of a potential. 
These promising results, though little understood, have been achieved using inorganic 
electrodes that are inherently incompatible with biological systems. The organic nature 
of the ECPs that conduct electricity and are inherently dynamic at the molecular level 
provides an organic electrode that should enable more efficient communication with 
biosystems. A number of approaches have been taken to realize the vast potential of 
inherently conducting polymers in controlling and monitoring biointeractions, which 
will be illustrated in detail below for the interaction between protein and ECPs. 
The interaction of ECPs with proteins has been of interest. The simplest mode of 
“attachment” of proteins to ECPs is via adsorption, which can be controlled by 
changing the polymer composition, by applying a potential or by changing the 
oxidation states of the polymer. For example, the adsorption of DNA (a polyanionic 
macromolecule) onto PPY (positively charged polymer chains) is one to two orders of 
magnitude higher than that of conventional polymers onto classical filters (Chehimi et 
al. 1996). In the same work, it was found that PPY dopant was the major factor 
governing DNA adsorption. Azioune’s study on albumin adsorption on PPY powder 
also showed that dopants have a major role in affecting protein adsorption. Dopants 
were found to affect the hydrophobicity of the polymer and thus on the protein 
adsorption: the more hydrophobic the polymer, the more protein will adsorb (Azioune 
et al. 2002). It has also been observed that the interaction of proteins with conducting 
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polymer films is greatly dependent on the oxidation state of the polymer, with 
adsorption being accelerated on the polymer in the more conducting form (Khan and 
Wernet 1997) and greatly reduced on the film in a chemically reduced form (Smith and 
Knowles 1991). However, cationic protein shows little tendency to bind to oxidized 
film PPY-poly(styrenesulfonate) (Prezyna et al. 1991). The effect of applying a 
potential on the interactions between conducting polymer and protein has been used in 
developing novel membrane separation techniques (Zhou et al. 2000). In addition, the 
ability to control protein interactions with ECPs has an impact on the ability to design 
and utilize active surfaces for cell culturing and implantable biomaterials. For example, 
Kotwal and Schmidt (2001) found that improved fibronectin adsorption was induced 
by passage of a current through the PPY during cell culture and growth, which may 
explain the results obtained by Langer et al. (Shastri et al. 1996; Schmidt et al. 1997) 
who found that the passage of current through a PPY film used for cell culture results 
in increase in neurite outgrowth. Wong et al. (1994) also reported that cells spread 
normally and synthesized DNA on fibronectin-coated PPY in the oxidized state while 
both cell extension and DNA synthesis were inhibited when PPY was in the neutral 
state. 
Despite the above achievements on ECPs for biocommunication, the surface of pristine 
ECPs interacts with biological systems only in a non-specific manner, whereas 
polymeric surfaces modified with physiologically active biomolecules that can 
specifically trigger desired cellular responses have an ability to undergo specific 
interactions that are the basis for the physiology of living organisms, and thus have a 
broad range of biotechnological and medical applications. 
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2.2.1.2 Modified Electroactive and Conducting Polymers 
Immobilization of biomolecules for the modification of conductive polymer substrates 
can be achieved via many methods such as adsorption, entrapment, covalent binding 
etc. The details of these methods including the procedure, mechanism, advantages and 
disadvantages will be reviewed in Section 2.2.3. Some examples which use the above 
methods will be given in the following: 
Adsorption DNA has been “attached” to conducting polymers via adsorption by a 
number of groups (Marx et al. 1994; Saoudi et al. 1997a), and such substrates have 
been investigated for gene detection (Li et al. 1997). Wong et al. (1994) coated 
fibronectin on PPY for cell culture while others (Saoudi et al. 1997b) have adsorbed 
DNA onto PPY-silica nanocomposites with a view to develop diagnostic kits. 
Entrapment Hepel et al. (1997) synthesized PPY-heparin composite films by 
electrochemical polymerization of pyrrole in the presence of heparin acting as a dopant 
anion at neutral pH. In their study, heparin was found to be permanently entrapped in 
the PPY membranes which resulted in the mass transport facilitated by mobile cations. 
Subsequently, some researchers (Garner et al. 1999a; Garner et al. 1999b; Zhou et al. 
1999; Yang et al. 2002) studied the application of this kind of composites. In one work, 
Garner et al. (1999b) reported the results of human endothelial cell attachment to and 
growth on such film and concluded that the attachment and growth are vitronectin 
dependent. Zhou et al. (1999) studied the specific interactions of heparin with target 
protein (thrombin). In this study, thrombin was tested for its affinity to the PPY-heparin 
film with different oxidation states which were obtained by applying a suitable 
potential. The results show that thrombin showed the highest adsorption to the 
oxidized form of PPY-heparin. This provides an effective means of controlling protein 
interactions of the immobilized biomolecules with other species in solution. Recently, 
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Yang et al. (2002) explored the application of PPY-heparin composite system for the 
separation of thrombin based on specific interaction between thrombin and heparin. 
Besides heparin, other biomolecules have also been attached. For example, PPY 
coating doped with laminin derived oligopeptide CysAspProGlyTyrIleGlySerArg 
(CDPGYIGSR) facilitated the attachment and growth of neuroblastoma cells onto the 
electrode (Cui et al. 2001). Collier et al. (2000) electrochemically synthesized PPY-
hyaluronic acid composite and evaluated the film for cell compatibility in vitro and 
tissue response in vivo. 
Covalent binding Among various surface modification methods, covalent 
immobilization has the advantages of non-release and long-term stability. However, 
few studies have been performed on covalent immobilization of biomolecules on ECPs. 
Improved adhesion of osteoblast cells to titanium-coated PPY containing covalently 
attached synthetic peptide has been observed (De Giglio et al. 2000). 
2.2.2 Controlled Release Carrier 
‘‘Intelligent’’ drug carriers which, once implanted in the body, release the right amount 
of drug at the right time and/or at the right place may enable us to precisely control the 
delivery of drugs. Such carriers would be most useful in mimicking the in vivo 
pulsatile release of drugs, such as insulin, growth hormone, oestrogen, luteinising 
hormone, etc., which would result in improved drug treatment of disorders such as 
diabetes. A pulsatile drug profile in the body is desirable when the continuous presence 
of drug leads to down-regulation of receptors and the development of tolerance. 
One methodology developed is the fabrication of a delivery system that can respond to 
the changes in the local environment such as modulated enzymatic or hydrolytic 
degradation, pH, magnetic fields, ultrasound, electric fields, temperature, light and 
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mechanical stimulation (Kwon et al. 1991a; Sershen and West 2002). Among these 
techniques, the use of electric field (Murdan 2003) seems to offer unique advantages 
for providing on-demand release of drugs from implantable or transdermal reservoirs 
because of the availability of equipment which allows precise control with regards to 
the magnitude of current, duration of electrical pulses, intervals between pulses, etc. 
2.2.2.1 Conventional Carrier 
Hydrogels are generally used for sustained release of a drug by acting as either a 
diffusion controlling barrier or as a matrix for containment due to its reliable blood 
compatibility and many other properties (Peppas 1986; Nakayama et al. 1999). 
Hydrogels are said to resemble biological tissue due to their hydrophilic nature and 
three-dimensional polymeric network which can imbibe large amounts of water or 
biological fluids (Peppas et al. 2000). Their high water content could contribute to their 
biocompatibility and their rubbery nature could ensure minimal mechanical irritation 
to surrounding tissues while the low interfacial tension between the gel surface and the 
aqueous surrounding fluids would minimize protein adsorption and cell adhesion onto 
the gel (Kim et al. 1992). Electrically-responsive hydrogels are prepared from 
polyelectrolytes. Drugs may be incorporated into the hydrogels either during gel 
formation or after the gel has been formed by incubating the gel in a drug solution and 
allowing drug molecules to diffuse into the network. 
The electro-stimulated release of a variety of small and large, charged and uncharged 
guest molecules from polyelectrolyte hydrogels has been demonstrated in vitro and in 
vivo. Electrically-responsive drug release is mainly influenced by the nature of the 
drug and of the gel, the experimental set-up, magnitude of the electric field as 
summarized by Murdan (2003). Upon application of an electric field, electro-
responsive gels generally deswell (Kaetsu et al. 1992; Gong et al. 1994; Yang and 
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Engberts 2000; Ramanathan and Block 2001), swell (Grimshaw et al. 1990; Sawahata 
et al. 1990; Shiga and Kurauchi 1990) or erode (Kwon et al. 1991a; Kwon et al. 1994) 
depending on the nature of the gel and the experimental conditions. Hence, the main 
mechanisms of drug release are forced convection of the drug out of the gel as gel 
deswells (Sawahata et al. 1990; Hsu and Block 1996; Ramanathan and Block 2001), 
drug diffusion along a concentration gradient (Sawahata et al. 1990; Tomer et al. 1995), 
electrophoresis of charged drugs towards an oppositely charged electrode (Kwon et al. 
1991b; Kagatani et al. 1997) and liberation of the entrapped drugs as the gel complex 
erodes (Kwon et al. 1991a; Kwon et al. 1994). One set of materials that have this 
characteristic are solid polyelectrolyte complex of poly(ethylozazoline) and 
poly(methacrylic acid) or poly(acrylic acid) (Kwon et al. 1991a), from which insulin 
was released in response to slight electric currents due to electrically induced polymer 
dissolution. In another case, Sawahata et al. demonstrated pulsatile insulin delivery 
from poly(di-methylaminopropylacrylamide) hydrogel. The application of an electric 
field to this hydrogel resulted in swelling of the hydrogel at the cathode-side due to the 
transportation of anions and water molecules towards anode and ionization of the 
amino groups of the gel (Sawahata et al. 1990). In later studies, the same system 
loaded with insulin was used to provide pulsatile decreases in the blood glucose levels 
of rats (Kagatani et al. 1997). Kim and Lee (1999) investigated the effect of ionic and 
non-ionic model drugs on electrically stimulated release from an interpenetrating 
network of PVA and poly(acrylic acid). Osada and coworkers used an applied voltage 
to induce reversible contraction of polyelectrolyte gels (Osada et al. 1991; Osada et al. 
1992; Osada and Gong 1993). Using materials based on poly(methacrylic acid), gelatin, 
or collagen, it was demonstrated that pilocarpine could be released in response to an 
electric field. Upon application of the field, the gels collapsed and the pilocarpine was 
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convected out. A similar approach was used by Uchida and coworkers who studied 
polyelectrolyte gels and electromagnetic composites for on-off release (Kaetsu et al. 
1992). Methylene blue was used as a model drug, and matrices were based upon 
crosslinked copolymers of sodium acrylate or polymer composites of ferrite. 
2.2.2.2 Electroactive and Conducting Polymers 
As well as being organic conductors, ECPs have the ability to be rapidly and reversibly 
switched between different oxidation states (Wallace et al. 2003), i.e. they are 
electroactive. This redox switching capability of ECPs has been shown to provide a 
useful route for the controlled release of a wide range of drugs, including important 
amino acid metabolites, therapeutic drugs, pesticides, fungicides, and many others 
(Miller et al. 1987b; Pyo et al. 1994; Wallace and Kane-Maguire 2002). Anionic 
species are usually incorporated in the polymer and can be released by reducing the 
polymer. It is also possible to trap cations which involves synthesizing the polymer 
using large immobile polyanion such as poly(vinyl sulfonate). When this polymer is 
reduced, the large anions cannot leave the polymer so cations from the surrounding 
electrolyte are incorporated into the polymer to balance the charge of the polyanions. 
Subsequent oxidation of this polymer releases the cationic species back into the 
surrounding electrolyte. 
Miller has demonstrated the electrically controlled release of protonated dopamine and 
other cations or anions from PPY or substituted PPY (Miller et al. 1987a; Miller et al. 
1987b; Zhou et al. 1989). Cations binding and transport studies were performed using 
composite polymer containing poly(N-methylpyrrole) as the cationic polyelectrolyte 
and poly(styrene sulfonate) as the anionic polyelectrolyte. These studies demonstrated 
that cations were incorporated into the composite under reduction and released by 
oxidation. These materials were suggested for transdermal drug delivery devices. 
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Other important works were done by Pyo and Reynolds (Pyo et al. 1994; Pyo and 
Reynolds 1996) who synthesized poly(pyrrole adenosine 5'-triphosphate) (PPY-ATP) 
composites electrochemically and studied the release behavior of adenosine 5'-
triphosphate (ATP) through redox switching of PPY-ATP using cyclic voltammetry. 
PPY with incorporated melanin used for binding and release of neuroleptic drugs 
chlorpromazine (Hepel and Fijalek 1994; Hepel and Mahdavi 1997) has also been 
reported. In another work, Garner et al. (1999a) studied the release of heparin from 
PPY-heparin composites under electrical stimuli. They observed that the amount of 
heparin exposed to the cell culture medium could be increased (up to threefold) by 
switching the polymers from their oxidized to reduced states, which in turn affected 
the growth behavior of cells. Garnier et al. (1994) synthesized electroactive 
poly(dipeptide-pyrrole) for recognition and binding of enzyme which was further 
explored for the release of enzyme through electrochemical control of the dipeptide pH. 
In the case of polyaniline, pH switching also provides an additional route for anion 
uptake and release. In other applications, the release can also be automatically 
stimulated by a change in the environment. For example, it is known that the galvanic 
coupling of polyaniline to metal like steel and aluminum causes a reduction of the 
polymer from emeraldine salt state to the leucoemeraldine base, and this process 
involves the release of the dopant ion into the surrounding electrolyte. It has been 
speculated (Spinks et al. 2002) that the dopant could be designed such that it acts as a 
corrosion inhibitor for the metal. 
2.2.3 Biosensors 
Enzymes are powerful functional proteins that possess highly specific recognition 
capabilities. Since the first demonstration by Clark and Lyons (1962) that an enzyme 
could be integrated into an electrode to form a biosensor, the development of such 
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electrochemical devices has made considerable progress (Turner et al. 1987; 
Kauffmann and Guilbault 1992). To date, the most popular and possibly the most 
reliable types of biosensors reported in the literature and utilized commercially are 
those employing enzymes coupled with amperometric detection (Foulds and Lowe 
1986; Bartlett and Birkin 1993; Bartlett and Cooper 1993; Deshpande and Amalnerkar 
1993; Lorenzo et al. 1998; Cosnier 1999; Scheller et al. 2001; Gerard et al. 2002). 
Conducting polymers have attracted much interest in the development of biosensors 
since they are known to possess numerous features, which allow them to act as 
excellent materials for immobilization of biomolecules and rapid electron transfer for 
the fabrication of efficient biosensors. A number of enzymes such as GOD (Cosnier 
and Lepellec 1999), peroxidase (Wollenberger et al. 1990; Tatsuma et al. 1992), sulfite 
oxidase (Adeloju et al. 1994), and urease (Pandey and Mishra 1988) have been either 
covalently attached or entrapped in ECPs (Adeloju and Wallace 1996). Among the 
enzymes, GOD is the most widely studied because of its wide application in glucose 
analysis in laboratories, bioreactors, food industries, pharmaceutical industry, human 
body etc (Wilson and Turner 1992; Raba and Mottola 1995). 
Immobilization of enzyme to various matrices can be achieved via techniques such as 
adsorption, entrapment, covalent binding which will be reviewed as follows. 
2.2.3.1 Adsorption 
Among the techniques for enzyme immobilization, physical adsorption is the simplest 
one. The binding forces involved (hydrogen bonds, van der Waals forces, hydrophobic 
interactions, etc) are usually readily reversible. Because no reactive species are 
involved, there are little conformational changes in the enzyme during immobilization, 
and high activity preparations can be obtained due to the mild operational condition. 
GOD was immobilized onto polyaniline film via adsorption and the enzyme loading 
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was significantly enhanced on the polyaniline film with much higher porosity achieved 
via anion exchange (Verghese et al. 1998). Urease was immobilized on 
electrochemically synthesized polyaniline by adsorption from a pH 5.2 acetate buffer 
at open circuit (which is +0.326 V vs SCE). At this potential, the polymer has a net 
positive charge. Hence, some of the counterions are probably replaced by the 
negatively charged urease (Sangodkar et al. 1996). However, the binding forces 
involved in this technique are generally weak, and leakage of enzyme from the support 
is frequent during the utilization due to the changes in pH and ionic strength. 
2.2.3.2 Entrapment 
Physical entrapment of enzymes in the growing polymer film was the first attempt and 
also the most widely investigated technique to use electrochemically polymerized 
films as the immobilization matrix for the integration of biosensors (Foulds and Lowe 
1986; Umana and Waller 1986; Bartlett and Whitaker 1987; Fortier et al. 1988; 
Cosnier 1999). One explanation for the considerable attention on this approach is the 
increase in demand for miniaturized biosensors (Bartlett and Birkin 1993; Bartlett and 
Cooper 1993; Deshpande and Amalnerkar 1993; Schuhmann 1995; Trojanowicz and 
Krawczyk 1995; Cosnier 1997). A range of conducting polymers including PPY, 
polyaniline, poly(indole) and polyphenol (Iwakura et al. 1988) have been employed for 
fabrication of biosensors, while the most widely used have been PPY films and their 
derivatives (Bidan 1992; Cosnier 1999; Brahim et al. 2002; Wallace and Kane-Maguire 
2002). There are several important reasons for the predominant use of PPY in 
amperometric enzyme electrodes besides its high conductivity (Schuhmann 1995). The 
first is the optimal redox potential of PPY itself which is around 0 mV relative to 
saturated calomel electrode (SCE). The second is the possibility to grow PPY from 
aqueous electrolyte solution, owing to the sufficient solubility of the monomer and to 
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the rather low potential for the oxidative formation of the radical cation, and the third 
is its high degree of selectivity due to the inherent size exclusion property (Schuhmann 
1991; Cooper et al. 1993). On the contrary, owing to the low pH-value during 
polymerization of polyaniline, only extremely stable enzymes such as GOD (high 
stability and specific activity) may partially survive this procedure. 
The generally accepted opinion for the physical entrapment of enzyme into ECPs is 
that the enzyme is incorporated into the growing polymer film as a result of the 
polyanionic character of the enzyme and hence its ability to serve as counter-anion for 
the polycationic polymer chain. However, it seems more likely that the biomolecule 
entrapment in conventional electrogenerated polymers such as PPY, polyaniline or 
polyphenol is due to the presence of biomolecules in the vicinity of the growing films 
(Shinohara et al. 1988; Bartlett and Caruana 1992; Schuhmann 1995). 
Since biomolecule immobilization by electrochemical entrapment usually requires 
high concentrations of monomer and biomolecule, an accurate amount of biomolecule 
immobilized within the polymeric network cannot be estimated by simple difference 
between the biological concentrations before and after the electropolymerization step. 
This feature constitutes a handicap for the kinetic characterization and the optimization 
of biosensors. Recently, a slightly different approach for the integration of enzyme into 
electrochemically deposited conducting polymer films involving the adsorption of 
amphiphilic monomers and enzymes before the electropolymerization step has been 
described (Cocheguerente et al. 1991; Cosnier and Innocent 1992; Cocheguerente et al. 
1993; Cosnier 1997). The principle has been demonstrated in preparation of enzyme 
electrodes for the determination of phenols (Cosnier and Innocent 1993), glucose 
(Cocheguerente et al. 1991), galactose and lactose (Cosnier and Innocent 1994). The 
main advantage of this procedure of enzyme immobilization is the possibility for 
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controlling and improving the composition of the biomolecule-polymer layer, 
particularly the biomolecule loading (Cosnier and Innocent 1993).  
The entrapment of enzymes occurs without chemical reaction that could affect their 
activity. Furthermore, this method enables exact control of the thickness of the 
polymer layer based on the measurement of the electrical charges passed during the 
electrochemical polymerization. Another advantage of this procedure is the possibility 
to precisely electro-generate a polymer coating over small electrode surfaces of 
complex geometry. In summary, entrapment of enzymes in electropolymerized films 
allows the easy electrochemical control of various parameters such as the thickness of 
the polymeric layer, the enzyme loading or the enzyme location. However, this 
technique usually suffers from some general problems (Cosnier and Innocent 1992; 
Cocheguerente et al. 1994). This immobilization process significantly reduces the 
bioactivity of the immobilized biomolecules due to the high hydrophobicity of the 
polymer. The steric constraints of the surrounding polymer may also reduce the 
conformational freedom of the immobilized enzyme and at the same time significantly 
reduce the accessibility of the analytes to the immobilized enzyme molecules. Local 
changes in pH due to the liberation of protons during the polymerization reaction have 
to be taken into account when an enzyme is present during the electrochemical 
polymerization process (Schuhmann 1995). 
2.2.3.3 Covalent Binding 
An attractive alternative to the biomolecule entrapment involves the covalent binding 
of the biomolecule to polymer films bearing adequate functional groups. The 
preparation of functionalized polymer films has been investigated either by direct 
coelectropolymerization of functionalized monomers with the unsubstituted parent 
monomer or by chemical or electrochemical post-functionalization of conducting 
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polymer films. Then, the attachment of biomolecules to the polymeric surfaces can be 
obtained by chemical grafting or by affinity of the biomolecule at the functional group 
(Schuhmann et al. 1990; Cosnier et al. 1998). 
Direct coelectropolymerization of functionalized monomers with or without the 
unsubstituted parent monomer is a convenient way to functionalize ECPs which can be 
used for biomolecule immobilization. Electropolymerization of azulenes 
functionalized by an amino group has been used for covalent immobilization of GOD 
(Schuhmann et al. 1993). In another study, nitrate reductase was immobilized by 
covalent linkage between its lysine residues and the pendent carboxylic groups of the 
poly(thiophene-3-acetic acid) matrix (Willner et al. 1992). More recently the 
electrochemical polymerization of thiophene derivatives functionalized by easy 
leaving groups (N-hydroxysuccinimide esters) has led to attractive precursor polymers 
(Hiller et al. 1996) which has been applied to the immobilization of GOD through the 
reaction of the polymerized activated ester groups with the amino groups of the protein 
shell. In addition, the attachment of biomolecules to sensor surfaces can be achieved 
via the simple formation of avidin-biotin bridge with biotinylated biomolecules or 
avidin conjugated biomolecules (Cosnier and Lepellec 1999). 
However, these simultaneous functionalizations may change the properties of ECPs 
such as decrease in conductivity and mechanical strength etc. In that case, post-
functionalization of ECPs is preferred. Polymer surface modification has been a 
significant issue over two decades in many fields of applications. For example, 
chemical nitration of a PPY film followed by the electrochemical reduction of the in 
situ generated nitro groups provides a polymer film functionalized by amino groups. 
The subsequent coupling of enzymes to the polymerized amino groups was performed 
by activation of carboxylic groups of the enzyme via a water-soluble carbodiimine 
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(Schuhmann et al. 1990; Hernandez et al. 1995). However, among modification 
techniques developed to date, surface grafting has emerged as a simple, useful, and 
versatile approach to improve surface properties of polymers for a wide variety of 
applications (the details of this technique will be discussed in Section 2.3). Surface 
graft copolymerization is based most commonly on free radical reaction of vinyl or 
acrylic monomers, although cationic or anionic polymerization mechanism can also be 
used. For polymerization by free radical mechanism, either free radicals or peroxides 
& hydroperoxides have to be generated on the surface. The active species for surface 
copolymerization are effectively produced by gas plasma treatment (Suzuki et al. 1986; 
Kang et al. 1999), γ-ray (Hegazy 1984), ion beam (Zhang et al. 2000), ozone (Boutevin 
et al. 1992; Brondino et al. 1999), UV (Uyama and Ikada 1988), electron beam 
(Guilmeau et al. 1997). Both pristine and Ar plasma-pretreated emeraldine base films 
of polyaniline are susceptible to UV-induced graft polymerization with acrylic acid, 
acrylamide and sodium salt of 4-styrenesulfonic acid (Kang et al. 1992). The acrylic 
acid graft-polymerized emeraldine surfaces have been further functionalized through 
covalent immobilization of enzymes and proteins (Kang et al. 1997). Similar surface 
modification and functionalization can also be performed on PPY films (Zhang et al. 
1996). 
In comparison to the physical entrapment of enzymes, covalent immobilization of 
enzyme on the external surface of a support material provides a better access of 
substrates to the immobilized biomolecules and facilitates macromolecular interactions 
as well as preserving the initial properties of the polymer films (Cosnier 1999). 
Another advantage of this technique lies in the possibility of using optimal conditions 
for each step, namely the electropolymerization of the substrate and subsequent 
functionalization of the substrate. Labile enzymes (which may be deactivated during 
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entrapment, on account of uncontrolled low pH-values near the electrode surface) can 
be used in conducting polymer based biosensors (Schuhmann 1995). However, 
covalent binding is strong and the conditions required are not usually mild. It is 
important that the catalytic functional groups of the enzyme are not involved in the 
covalent linkage to the support. This is often difficult to avoid and the enzyme 
generally loses activity upon immobilization. Another disadvantage of covalent 
immobilization is that the amount of immobilized biomolecules is restricted to a 
monolayer at the interface polymer-solution. One solution to this problem is to 
enhance the surface area of the polymer film. Synthesis of porous ECPs and their 
biological applications are described in the following section. 
2.2.4 Porous Electroactive and Conducting Polymers 
In many cases of biomaterials’ applications such as enzyme carriers, wound dressing, 
drug delivery carriers, tissue engineering and bone healing materials, it is necessary to 
have a porous structure. Membranes, porous microcarriers, and hollow fibers have 
been widely studied as substrates for enzyme immobilization mainly beause of their 
large surface area per unit volume (Liu et al. 1996). Many techniques have been used 
to combine membrane technology with different biological cells to fulfill specific 
purposes such as osteoblasts for membrane-guided bone regeneration (Caffesse et al. 
1994) and neuronal cells for nerve repair (Woerly and Morassutti 1993). Macroporous 
polymer composites have been designed to allow osteoblasts to grow and spread on 
them (Malik et al. 1992), and the porous morphology has been proven to improve cell 
growth and new bone tissue formation (Attawia et al. 1995). Adhesion of anchorage-
dependent cells, such as osteoblast cells and PC12 nerve cells, is a prerequisite for the 
successful proliferation of cells. As stated above, the presence of pores will allow for a 
larger surface area for cell attachment, which subsequently increases the capacity for 
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cells to proliferate. Furthermore, the pores may increase the polymer surface area 
exposed to the medium, increase pathways through which cells can migrate and 
provide pathways by which nutrients may reach those cells.  
As mentioned in Section 2.2, ECPs have vast potential in controlling and monitoring 
biointeractions via functioning as scaffolds, biosensors, controlled release matrices etc. 
One of the properties which has restricted the development of electrochemically 
synthesized ECPs film is their flat surface with limited surface area. Hence, the 
preparation of porous ECPs has become an important branch of material research, and 
this is usually achieved in three ways: chemical polymerization within porous host 
polymers, electrochemical polymerization within host membranes, and ion exchange 
of the synthesized polymer (Ruckenstein and Park 1991; Verghese et al. 1998). 
Mansouri and Burford (1997) reported the chemical synthesis of porous conducting 
polymer films onto host membranes. Poly(vinylidene fluoride) was pre-wetted by 
soaking in aqueous ethanol solution for 10-15 min. After rinsing with water, 
membranes were immersed in an aqueous pyrrole solution, blot-dried and then 
immersed in aqueous oxidant solution. Zhou et al. (Zhou et al. 1997; Price et al. 1999) 
electrochemically deposited a thin layer of conducting polymer film onto the 
poly(vinylidene fluoride) membrane which was sputter-coated with a thin film of 
platinum. One disadvantage for the deposition of conducting polymers on host 
membranes is that it was not easy to control the compatibility between two polymer 
phases. Ramanathan et al. (1995) manipulated the pore size of PPY through the 
exchange of bulky anions such as p-toluene sulfonate and ferricyanide present as 
dopant ions in PPY, with chloride ion in solution leading to greater porosity and 
increased GOD immobilization in PPY. Verghese et al. (1998) have conducted similar 
experiments with polyaniline films. Recently, a novel technique for the preparation of 
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porous PPY film was developed by Li et al. (2004) using electrochemical synthesis-
solvent extraction method. Besides the above techniques, the electrolytes used during 
ECPs synthesis also have significant effects on the structure and morphology of the 
synthesized films. The use of TEAP in the electrochemical synthesis of PPY has been 
shown to produce a porous film (Ko et al. 1990). 
2.3 Surface Graft Copolymerization 
The grafting methods are generally divided into two classifications, i.e. ‘grafting-to’ 
and ‘grafting-from’ processes (Figure 2.1). The former utilizes reactive groups existing 
at the end or the side chains of the polymers to covalently couple the polymer chains to 
a substrate (Kang and Zhang 2000). During the process, polymer chains must diffuse 
through the existing polymer film to reach the reactive sites on the surface. This barrier 
becomes more pronounced as the tethered polymer film thickness increases. Thus the 
forming polymer brushes have a low grafting density and low film thickness (Mansky 
et al. 1997). To overcome this problem, researchers shift to using the "grafting-from" 









Figure 2.1 Surface modification via grafting technique 
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polymer surfaces to initiate the polymerization of monomers from the surface toward 
the bulk phase. The active species for surface graft copolymerization can be effectively 
produced by gas plasma discharge, ozone treatment and UV irradiation. 
2.3.1 Plasma Discharge Method 
Modification of film surfaces can be rapidly and cleanly achieved by plasma 
polymerization or plasma-initiated graft polymerization (in solution or in vapor phase) 
techniques due to the possibility of the formation of active species on the film surfaces. 
Suzuki et al. (1986) investigated the graft copolymerization of acrylamide onto the 
surface of polyethylene films by oxidative plasma or inert gas plasma treatment to 
improve surface hydrophilicity. Plasma deposition of hexamethyldisiloxane on silicon 
wafer was carried out to produce coatings with different surface energies for protein 
adsorption study (Janocha et al. 2001). In addition, Oehr et al. (2003) investigated the 
influence of gases used to activate the polymer surface for plasma polymerization of 
acrylic acid and glycidyl methacrylate. Gancarz et al. (1999) compared the plasma-
initiated graft polymerization (both in solution and in vapor phase) and plasma 
polymerization by modification of polysulfone membranes with acrylic acid. They 
conclude that plasma polymerization in the presence of a monomer is a good technique 
for the modification of surfaces by deposition of a thin polymer film. This technique 
has many inherent advantages including short process time (several seconds to a few 
minutes), minimal effect on the bulk properties, and the process is solvent-free. 
2.3.2 UV Irradiation Method 
The use of UV irradiation appears to be an excellent method for surface grafting of 
polymers because of its simplicity. Generally speaking, UV irradiation of the polymer 
surface produces activated centers such as radicals which initiate the polymer 
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propagating. Uyama and Ikada (1988) performed graft polymerization of acrylamide 
onto the surface of polypropylene pre-irradiated with UV radiation. Following UV 
irradiation of the film in air without photosensitizer, it was placed in monomer solution, 
degassed, and then heated to 50°C to effect the graft polymerization. Graft 
copolymerization can also be carried out without pre-irradiation with UV. In this case, 
the polymer film was directly immersed into degassed monomer solution and then 
subjected to UV irradiation. Using this technique, Chen et al. (2000) modified 
emeraldine base film of polyaniline with poly(ethylene glycol) for reduction in protein 
adsorption and platelet adhesion. 
Application of UV energy for surface graft polymerization with the aid of a 
photoinitiator has been extensively developed (Yang and Ranby 1996). Azo 
compounds were most widely used to be immobilized on surface as the photoinitiators 
(Tsubokawa et al. 1990; Boven et al. 1991). Anthraquinone-2-sulfonate salt was also 
selected as the photoinitiators (Geuskens et al. 2000) because it had a higher 
adsorption coefficient in the near UV range, and also because it could be expected to 
adsorb strongly at the surface of substrate polymers. 
UV-induced graft polymerization combined with the plasma treatment is also widely 
applied for some inert polymer (e.g. fluoropolymer) surfaces and inorganic (e.g. silicon) 
surfaces (Zhang et al. 1999; Kang and Zhang 2000). Peroxide and hydroperoxide 
species were produced on these surfaces as a result of argon plasma treatment and air 
exposure (Suzuki et al. 1986) followed by UV irradiation in the presence of a monomer.  
2.3.3 Ozone Method 
Gatenholm et al. (1997) employed the ozone-induced grafting process to prepare 
membrane-hydrogel hybrid biomaterials. They exposed isotactic polypropylene to 
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ozone to form peroxides and hydroperoxides on the polymer surface which was then 
graft copolymerized with 2-hydroxyethyl methacrylate. Karlsson and Gatenholm (1999) 
prepared pH sensitive cellulose fiber-supported hydrogels via ozone-induced graft 
polymerization of acrylic acid on cotton linters and wood pulp fiber substrates. 
Combination of ozone with other methods often promotes significant improvements in 
grafting efficiency and the properties of the grafted surfaces compared with the usage 
of a single method (Walzak et al. 1995). A UV-ozone oxidation process is shown to be 
an effective treatment to give considerable oxidation and improved wettability for 
polyethylene and polyetheretherketone (Mathieson and Bradley 1996). With the 
combination with plasma treatment, a novel two-step process was utilized for surface 
modification of polyethylene and polystyrene (Foerch et al. 1990). The first stage 








CHAPTER 3 PHYSICOCHEMICAL AND 




3.1 Surface Functionalization of Polypyrrole Film with Heparin 
3.1.1 Introduction 
The modification of polymers using biomolecules to produce blood- or tissue- 
compatible materials to suppress blood coagulation and immunological and 
hyperplastic response, as well as to stimulate rapid growth of endothelial cells is an 
area of great interest (Steffen et al. 2000). Among the biomolecules (e.g., urokinase, 
prostacyclin, trombomodulin, collagen, heparin, albumin), heparin (generalized 
structure shown in Figure 3.1) is well known for many biological activities (Akashi et 
al. 1996), such as anticoagulant activity (Migonney et al. 1988; Courtney et al. 1993; 
Rabenstein 2002), cell growth stimulation (Zhou et al. 1999), and antivirus and plasma 
clearing activity. Heparin’s role as an anticoagulant is to activate antithrombin through 
the binding of antithrombin to its unique pentasaccharide sequence which induces 
conformational changes that facilitate the formation of tight and equimolar complexes 
of antithrombin with thrombin. Following complex formation, heparin loses its high 
affinity for antithrombin which is then released into the circulation as thrombin-
antithrombin complex. The heparin is then ready to activate another antithrombin 
molecule (Migonney et al. 1988; Rabenstein 2002). 
Heparin immobilization on polymeric surface has been widely used to develop blood 
compatible biomaterials (Ito et al. 1986; Liu et al. 1991; Byun et al. 1994; Kang et al. 
1996; Wirsen et al. 1996; Marconi et al. 1997; Kim et al. 2000). However, few works 
have been reported for heparin immobilization on ECPs. PPY is the most thoroughly 
investigated among ECPs for biological applications (Schmidt et al. 1997) due to its 
high electrical conductivity, flexible method of preparation (Street et al. 1981), ease of 
surface modification (Usmani 1994), excellent environmental stability (Ashwell 1992), 
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ion exchange capacity (Hailin and Wallace 1989) and in vitro compatibility (Wong et 
al. 1994). Hence, for the present work, it was chosen as the substrate for 
functionalization with heparin. Some researchers (Garner et al. 1999b; Zhou et al. 1999) 
have immobilized heparin onto PPY through electrochemical entrapment during the 
electropolymerization of PPY films. The modified polymer can be used as a substrate 
for endothelial cell attachment and growth. However, this method suffers from the 
same problems as the immobilization of other biomolecules through entrapment during 


































Figure 3.1 Minimal binding site of heparin for antithrombin. 
 
In our study, heparin was covalently immobilized onto PPY film by employing a 
trifunctional reagent and a spacer, poly(ethylene glycol) methacrylate (PEGMA) 













Figure 3.2 Chemical formula of (a) PEGMA, and (b) CC. 
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more hydrophilic environment. PEGMA possesses many properties well suited for 
biomedical application, such as good solubility in both organic and aqueous media, 
low toxicity and immunogenicity, and nonbiodegradability (Zalipsky 1995). It has 
been shown to be an ideal modifier of polymeric surface for the improvement of the 
polymer’s biocompatibility (Wang et al. 2001c). Its long polymer chain can serve as a 
spacer for biomolecules immobilization to preserve the activity of the biomolecules. 
However, biomolecules can seldom be attached to PEGMA directly through the 
hydroxyl end group and it is often necessary to introduce other functional groups via 
the so-called activation process (Zalipsky 1995; Wang et al. 2001b). In the present 
work, the activation of the hydroxyl end groups of PEGMA copolymer was achieved 
using cyanuric chloride (CC) (Figure 3.2b). The main advantage of this technique is 
that the biocompatibility of PPY can be improved while preserving most of its inherent 
properties such as conductivity (Cosnier 1999) and mechanical strength (Cen et al. 
2002). This technique also facilitates the access of the target to the immobilized 
biomolecules compared to the case where the biomolecules are entrapped in the PPY 
matrix. Moreover, since the PPY remains electrically conductive, the bioactivity of the 
surface modified PPY under electrical stimulation could also be studied. The 
bioactivities of the surface modified films at different conditions were assayed and the 
stability of the immobilized heparin was also investigated. 
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3.1.2 Experimental Section 
3.1.2.1 Materials 
Pyrrole (99%), obtained from Aldrich Chemical Co. (Milwaukee, WI), was distilled 
before use and stored below -10ºC and under N2. Toluene-4-sulfonic acid (TSA) and 
toluidine blue were from Fluka. Heparin sodium salt from porcine intestinal mucosa 
was from Sigma Chemical Co. PEGMA (MW 360) obtained from Aldrich Chemical 
Co. was used after purification with an inhibitor removal column. Cyanuric chloride 
(CC) was obtained from Aldrich Chemical Co. The other solvents and reagents were of 
analytical grade and were used without further purification. 
3.1.2.2 Electrochemical Synthesis of Polypyrrole Film 
Electrochemical polymerization of pyrrole was carried out using an Autolab-PGSTA30 
(Metrohm Schmidt Ltd.) in a standard three-electrode cell (Appendix A). A highly 
polished stainless-steel plate acted as the working electrode (anode), a platinum wire 
gauze served as the counter electrode (cathode), and an Ag/AgCl electrode was used as 
the reference electrode. The electrolyte solution of 0.1 M TSA in acetonitrile 
containing 1% v/v water was purged with dry nitrogen for 20 min to remove dissolved 
oxygen before the addition of the monomer. Pyrrole was then added to the electrolyte 
solution to achieve a 0.1 M concentration and the solution was purged with nitrogen 
for another 5 min. PPY film was electrodeposited on the working electrode (usable 
area of 3.5 × 8 cm2) by applying a constant potential of 8 V for 30 min while the 
electropolymerization set up was maintained in an ice bath and under a dry nitrogen 
atmosphere. The PPY film was then removed from the stainless steel plate, and washed 
with acetonitrile for 12 h, followed by doubly distilled water for another 24 h. Finally 
the film was dried under vacuum and then stored in a dry box. 
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3.1.2.3 Surface Functionalization of Polypyrrole Film with Heparin 
The process of functionalizing the PPY film with heparin basically comprises three 
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Figure 3.3 Surface functionalization of PPY film with heparin: (a) graft 
copolymerization of PEGMA on plasma pretreated PPY, (b) CC activation of the 
surface grafted PPY, and (c) heparin immobilization. 
 
(a) Surface Graft Copolymerization with PEGMA  
The PPY film was cut into strips of about 2 × 3 cm2 in size and subjected to argon 
plasma glow discharge for 10 s in an Anatech SP100 plasma system, equipped with a 
cylindrical quartz reactor chamber. The glow discharge was produced at a plasma 
power of 35 W, an applied oscillator frequency of 40 kHz and an argon pressure of 
approximately 80 Pa. The plasma treated film was then exposed to air for 8-10 min to 
effect the formation of peroxide groups used for the following graft copolymerization 
(Suzuki et al. 1986). PEGMA aqueous solutions of concentration ranging from 0.5 to 
10 vol.% were prepared in Pyrex® tubes and degassed with dry nitrogen for about 20 
min. The plasma-pretreated PPY films were then immersed into the solution which 
was then degassed for another 5 min. The tubes were tightly stoppered and sealed with 
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silicon rubber stoppers and then exposed to UV irradiation in a Riko rotary 
photochemical reactor (Riko-kagaku Sangyo Co. Ltd., RH400–10W) for 60 min at 
28ºC. The surface grafted films were then washed in water at 50ºC with stirring for 24 
h to remove the residual monomer and homopolymer. The films were finally dried 
under vacuum. These samples are denoted as PPY-P (X) in the subsequent discussion 
where X (vol.%) denotes the PEGMA monomer concentration used for surface graft 
copolymerization of PPY films. 
(b) CC Activation of the PEGMA Graft Copolymerized PPY Films 
The PEGMA grafted PPY film was first washed with 0.2 M freshly prepared NaOH 
and then immersed in 5 ml of 0.2 M freshly prepared NaOH with stirring at 0~4ºC. 
Ice-chilled acetone (25 ml) containing 2 g of CC was added dropwise and 10 wt% 
Na2CO3 was added to maintain the pH at about 7. The reaction was carried out in a 
loosely stoppered 50 ml conical flask for 5 h. The film was then washed successively 
with acetone and water and dried under vacuum. The resulting samples are referred to 
as PPY-P-C (X) where X (vol.%) has the same meaning as that in the PPY-P (X) 
sample. X = zero for CC directly activated PPY film without surface grafted PEGMA. 
(c) Heparin Immobilization 
Heparin was dissolved in formamide to a concentration of 3 mg/ml, followed by the 
addition of the surface modified PPY film. The solution was kept at room temperature 
for 3 days (Marconi et al. 1997). During this period, heparin was covalently bound to 
the PPY film through the coupling reaction between the hydroxyl or amine groups of 
heparin and the chloride groups introduced via CC on the PPY film. The PPY film was 
then removed and washed thoroughly with acetone and water to remove the solvent 
and unreacted heparin. All films were rinsed with distilled water until no heparin could 
be detected in the wash solution by the toluidine blue dye method (Kang et al. 1996). 
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The PPY film samples after this treatment are denoted as PPY-Hep (X) where X 
(vol.%) has the same meaning as that in the PPY-P-C (X) sample. A summary of the 
experimental conditions used in the preparation of selected films is given in Table 3.1. 




(Step (a), Figure 3.3) 
Cyanuric chloride 
activation 
(Step (b), Figure 3.3) 
Heparin 
immobilization 
(Step (c), Figure 3.3) 
Pristine PPYb None None None 
PPY-P (0.5) 0.5 vol.% None None 
PPY-P (1) 1.0 vol.% None None 
PPY-P (2) 2.0 vol.% None None 
PPY-P (5) 5.0 vol.% None None 
PPY-P (10) 10.0 vol.% None None 
PPY-P-C (0) None Yes None 
PPY-P-C (0.5) 0.5 vol.% Yes None 
PPY-Hep (0) None Yes Yes 
PPY-Hep (0.5) 0.5 vol.% Yes Yes 
PPY-Hep (5) 5.0 vol.% Yes Yes 
a. Films under electrical stimulation are labeled with “(I)” after the respective sample 
name e.g. pristine PPY (I).  
b. Pristine PPY indicates the PPY film prior to any surface modification. 
 
3.1.2.4 Determination of Immobilized Heparin 
The concentration of heparin immobilized on the film surfaces was determined using 
the toluidine blue dye (TBD) method (Smith et al. 1980; Kang et al. 1996; Marconi et 
al. 1997; Xu et al. 2001). 8.6 mg of toluidine blue was dissolved in 1000 ml of 0.01 M 
hydrochloric acid containing 0.2 wt% NaCl. 2 ml of a heparin aqueous solution of 
known concentration was added to 3 ml of the toluidine blue solution, and mixed 
vigorously. 3 ml of n-hexane was then added, and the mixture was shaken well so that 
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the toluidine blue-heparin complex was extracted into the organic layer. The 
unextracted toluidine blue remaining in the aqueous phase was determined by 
measuring the absorbance at 631 nm using a PC scanning spectrophotometer (Model 
UV-3101; Shimadzu). The linear relationship between the absorbance at 631 nm 
caused by the residual toluidine blue and the concentration of heparin in the aqueous 
solution was ascertained and used as a calibration curve (Figure 3.4).  





y = -28.709x + 23.546
















Figure 3.4 Standard curve of heparin sample concentration versus 
absorbance. 
 
To determine the concentration of immobilized heparin, the toluidine blue solution (3 
ml) was mixed with 2 ml of water and the heparin immobilized PPY film (about 2 × 3 
cm2 in size) was immersed in the solution for 30 min. Then, 3 ml of n-hexane was 
added and the mixture was shaken well. After the removal of the film, the aqueous 
layer was sampled and its absorbance at 631 nm was measured. The amount of 
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immobilized heparin was then calculated using the previously established calibration 
curve. 
3.1.2.5 Surface Characterization 
X-ray photoelectron spectroscopy (XPS) analysis of the film surface was made on an 
AXIS HSi spectrometer (Kratos Analytical Ltd. Manchester, UK) using the 
monochromatized Al Kα X-ray source (1486.6 eV photons) at a constant dwell time of 
100 ms and a pass energy of 40 eV. The anode voltage was 15 kV and the anode 
current was 10 mA. The pressure in the analysis chamber was maintained at 7 × 10-6 
Pa or lower during measurement. The polymer films were mounted on standard sample 
studs with double-sided adhesive tape. The core-level signals were obtained at a 
photoelectron take-off angle of 90° (with respect to the sample surface). To compensate 
for the surface charging effect, all core-level spectra were referenced to the C 1s 
hydrocarbon peak at 284.6 eV. In spectral deconvolution, the linewidth (full width at 
half-maximum) of the Gaussian peaks was maintained constant for all components in a 
particular spectrum. Surface elemental compositions were determined from XPS peak 
area ratios, after correction with the experimentally-determined sensitivity factors and 
were reliable to within 10%. The elemental sensitivity factors were calibrated using 
stable binary compounds of well established stoichiometries. 
Surface water contact angles were measured using a telescopic goniometer (Rame-Hart, 
Model 100-0-230) at 25ºC and 60% relative humidity by the sessile drop method. The 
telescope with a magnification power of 23× was equipped with a protractor of 1º 
graduation. The water contact angle was measured by placing a 4 µl drop of deionised 
water on the sample and observing the angle between the baseline of the drop and the 
tangent at the drop boundary after an interval of twenty seconds. For each sample, at 
least three measurements from different surface locations were made. 
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The electrical conductivity of the PPY films was measured using the four-point probe 
(Signatone Corp.) method. A constant current source (Hewlett Packard 6212B) 
supplied a constant current through the two outer probes and the voltage across the two 
inner probes was measured using a Keithley 614 electrometer. The conductivities of 
the films were calculated using the equation derived by Van der Pauw (Equation 3.1) 






σ =  (3.1) 
where σ  [=] conductivity (S cm-1), δ  [=] sample thickness (cm), iV [=] sample 
resistance (Ω ). 
Scanning electron microscopy (SEM) images were taken on a Jeol JSM 5600LV 
scanning electron microscope. The samples were cleaned with an inert dusting gas and 
sputter-coated with a thin film of platinum for imaging purposes. Images were taken at 
15 kV at a magnification of × 2500. 
The surface morphologies of the pristine and surface-modified PPY films were 
characterized using a Nanoscope IIIa atomic force microscope (AFM) manufactured 
by Digital Instrument Inc. All images were obtained in air using the tapping mode 
under a constant force. In each case, an area of 3.5 × 3.5 μm square was scanned. The 
drive frequency was 330±50 kHz. The drive amplitude was about 300 mV and the scan 
rate was about 1.0 Hz. An arithmetic mean of the surface roughness (Ra) was 
calculated from the roughness profile determined by AFM.   
3.1.2.6 In vitro Blood Compatibility Assay 
(a) Plasma Recalcification Time (PRT)  
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Fresh blood collected from a healthy rabbit was immediately mixed with 3.8 wt% 
sodium citrate solution in a dilution ratio of 9:1 (v/v). It was then centrifuged at 3000 
rpm, 8ºC for 20 min to obtain the platelet poor plasma (PPP). 0.1 ml of the PPP was 
introduced onto the preswelled PPY film (about 2.0 × 2.0 cm2 in size) and incubated 
for 5 seconds at 37ºC under static condition. 0.1 ml of 0.025 M CaCl2 aqueous solution 
at 37ºC was then added to the PPP and the plasma solution was monitored for clotting 
by manually dipping a stainless-steel wire hook coated with silicone into the solution 
to detect fibrin threads. The clotting time was recorded at the first sign of fibrin 
formation on the hook (Kim et al. 2000). At least three experiments were carried out 
for each sample and the clotting time reported is the average value. The differences 
between the PRT obtained with the PPY control and the surface modified PPY films 
were analyzed statistically using the two sample t-test. The differences observed 
between samples were considered significant for P < 0.05. 
(b) Platelet Adhesion 
Fresh blood collected from a healthy rabbit was diluted with 3.8 wt% sodium citrate 
solution as mentioned above. It was then centrifuged at 700 rpm at 8ºC for 10 min to 
obtain platelet rich plasma (PRP). The PRP was diluted with phosphate buffer solution 
(PBS) (pH 7.4) in 1:1 (v/v) ratio. 0.1 ml of the diluted PRP was introduced onto the 
preswelled PPY film and spread to cover approximately 0.8 × 0.8 cm2. The film was 
incubated at 37ºC for 30 min under static condition. After incubation, the film was 
gently washed three times with PBS. The adhered platelets were then fixed with 2.0 
vol.% glutaraldehyde aqueous solution for 2 h at 4ºC. The film was then washed 
successively with PBS, water, and ethanol (three times each), and dried under vacuum 
before being subjected to SEM observation (Xu et al. 2001). 
(c) In vitro Electrical Stimulation 
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Electrical leads were directly attached to opposite ends of pristine PPY film and 
surface modified PPY films, and a constant current of 50 μA supplied by a Hewlett 
Packard 6212B power supply was passed through the films (Appendix B). The films 
under electrical stimulation were then subjected to the platelet adhesion test and PRT 
test as mentioned above. The respective PPY films without electrical stimulation were 
used as control.  
3.1.2.7 Stability Test 
To examine the stability of heparinization, PPY-Hep (5) films (total grafted area ~ 14 
cm2) were immersed in 10 ml of PBS at room temperature for up to four days. 
Periodically, pieces of PPY-Hep (5) films were taken out and the heparin concentration 
on the film surface was measured using TBD method. In addition, the amount of 
heparin released from the films was determined by measuring the heparin 
concentration in the supernatant of the PBS solution using TBD method. The changes 
in water contact angle and electrical conductivity of the PPY-Hep (5) films during 
immersion in PBS were also measured. 
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3.1.3 Results and Discussion 
3.1.3.1 X-ray Photoelectron Spectroscopy Study of Pristine Polypyrrole Film 
The XPS C 1s and N 1s core-level spectra of the pristine PPY film (i.e. prior to any 
surface modification) are shown in Figure 3.5. The C 1s spectrum has been 
deconvoluted into neutral carbons at 284.6 eV and oxidized carbon species at 286.2 
and 287.6 eV, which correspond to C-OH and C=O respectively (Brinen et al. 1991). 
The small amount of C-OH (286.2 eV) and C=O (287.6 eV) groups in Figure 3.5a 
indicates some surface oxidation or charge-transfer complexing with oxygen. The N 1s 
core-level spectrum of the pristine PPY film (Figure 3.5b) indicates a predominant 
peak at 399.4 eV due to the NH species and a high binding energy tail above 400 eV 
  
























Figure 3.5 XPS (a) C 1s and (b) N 1s core-level spectra of pristine PPY film. 
 
 
attributable to positively charged nitrogen which can be further fitted into two peak 
components: -N+ at 401.0 eV and =N+ at 402.3 eV (Sabbatini et al. 1999). The total 
[N+] ([-N+] + [=N+]) to [N] ratio ([N+]/[N]) was 0.25, consistent with the doping level 
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of PPY reported in a previous study (Zhang et al. 1996). Details on the distribution of 
C and N components are listed in Table 3.2. 
Table 3.2 Results of XPS analysis of C and N components of pristine PPY film 
Element Element state Binding energy (eV) 
Content* 
(%) 
C-C, C-H 284.6 74 
C-OH 286.2 19 C 
C=O 287.6 7 
-NH- 399.4 75 
C-N+ 401.0 19 N 
C=N+ 402.3 6 
*. The percentage of the total content of the element. 
 
3.1.3.2 Surface Graft Copolymerization of the Polypyrrole Film with 
Poly(ethylene glycol) Methacrylate 
The XPS C 1s core-level spectra and the wide-scan spectra of the PPY films after 
grafting with various concentrations of PEGMA are shown in Figure 3.6. The success 
of PEGMA grafting was confirmed through a comparison of the XPS C 1s core-level 
spectra and wide-scan spectra of the PPY films before and after grafting (Figure 3.6). 
After PEGMA grafting with a monomer concentration of 0.5 vol.%, a sharp increase in 
the intensity of the peak at 286.2 eV can be observed in Figure 3.6b, which was 
attributed to the C-O group of PEGMA. A new peak at about 288.6 eV attributed to the 
ester group of PEGMA was also observed in Figure 3.6b. In addition, the overall 
intensity of the N 1s core-level signal was significantly reduced compared with that in 
Figure 3.6a due to the coverage of the PPY surface by the PEGMA copolymer. With 
the increase in PEGMA monomer concentration, the intensity of C-O (286.2 eV) peak 
component increased steadily and the N 1s core-level signal decreased.  
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Figure 3.6 XPS C 1s core-level spectra and wide-scan spectra (inset) of (a) 
pristine PPY, (b) PPY-P (0.5), (c) PPY-P (1), (d) PPY-P (2), (e) PPY-P (5), and (f) 
PPY-P (10).  
 
The extent of PEGMA graft copolymerization can be qualitatively estimated from the 
sensitivity factor corrected area ratio of the C 1s peak component at 286.2 eV 
attributable to the ether group of PEGMA and the total N 1s area due to the PPY film, 
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and expressed as [C-O]/[N]. As shown in Figure 3.7, with the increase in PEGMA 
monomer concentration, the surface-grafted PEGMA concentration increased 
significantly. When a PEGMA monomer concentration of 10 vol.% was used, the PPY 
surface (PPY-P (10)) was covered by the PEGMA copolymer to a thickness greater 
than the probing depth of XPS technique (estimated to be ~10 nm), as indicated by the 
absence of the N 1s and S 2p core-level signals (due to the TSA doped PPY). For PPY-
P (10), the C/O ratio was calculated to be 2.1 which is close to that of the PEGMA 
monomer (C/O = 2.0). Thus, the results show that PEGMA can be readily graft 
copolymerized on the PPY surface and the level of PEGMA grafting can be easily 
controlled by changing the PEGMA monomer concentration in the reaction solution. 































Figure 3.7 Effect of PEGMA monomer concentration on the 
concentration of the surface grafted PEGMA copolymer on the PPY film. 
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The N 1s core-level spectrum of PPY-P (0.5) film (Figure 3.8a) was curve fitted and 
compared with that of pristine PPY film (Figure 3.5b). A new peak at about 397.7 eV 
attributable to the –N= component of PPY together with a small decrease in the 
[N+]/[N] ratio were observed in Figure 3.8a. This may have been due to the 
deprotonation of PPY as a result of the washing process after surface grafting of 
PEGMA. 




























Figure 3.8 XPS N 1s core-level spectra of (a) PPY-
P (0.5), (b) PPY-P-C (0.5), and (c) PPY-Hep (0.5). 
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The electrical conductivity of the surface modified PPY films are shown in Table 3.3. 
The electrical conductivity of the pristine PPY film measured by the four-point probe 
technique was 78 S cm-1 (Table 3.3) which is close to the value reported in the 
literature for similar films (Lee and Chung 1993). Although the coverage of PPY 
surface by PEGMA copolymer increased significantly with the increase in PEGMA 
monomer concentration from 0.5 vol.% to 5 vol.%, the conductivity of the film 
remained high (about 64 S cm-1) (Table 3.3). Thus, the PEGMA graft copolymer was 
confined to the surface of the PPY film and the internal structure was not affected. 
Table 3.3 Surface properties of PPY film before and after surface modification 
with heparin 
Film Electrical conductivity σ (S cm-1) 
Water contact angle 
(θ°) 
Pristine PPY 78.0 ± 1 76 ± 1 
PPY-P (0.5) 71.6 ± 1 59 ± 1 
PPY-P (5) 63.8 ± 1 48 ± 1 
PPY-Hep (0) 11.7 ± 2 62 ± 2 
PPY-Hep (0.5) 9.5 ± 2 52 ± 2 
PPY-Hep (5) 8.9 ± 2 46 ± 1 
 
 
3.1.3.3 Cyanuric Chloride Activation 
CC is a very active trifunctional reagent, which can react with hydroxyl groups (Mur 
1964). Hence, it is expected to react with both the PPY film (due to the presence of 
hydroxyl groups on PPY film) (Palmisano et al. 1995; Sabbatini et al. 1999) and the 
surface grafted PEGMA copolymer (Figure 3.3b). The C 1s core-level spectrum of the 
PPY film after PEGMA graft copolymerization and subsequent CC activation (PPY-P-
C (0.5)) was not significantly different from that of PPY-P (0.5) film (Figure not 
shown). But in the N 1s core-level spectrum of PPY-P-C (0.5) in Figure 3.8b, there is a 
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further decrease in the [N+]/[N] ratio, which may have resulted from the deprotonation 
of the PPY film by NaOH during CC activation and/or from CC itself. After CC 
activation, a new peak at about 200 eV, attributable to the covalent chloride of CC 
appeared in the wide-scan spectrum of the film. This confirms that CC bonded 
successfully to the PPY-P (0.5) film. The reaction of CC with pristine PPY film can be 
confirmed through the comparison of the wide-scan spectra of the pristine PPY film 
(Figure 3.9a) and the PPY film after CC activation (PPY-P-C (0)) (Figure 3.9b). In 
Figure 3.9b, besides the appearance of a new peak at about 200 eV attributable  to the  
-Cl of CC, a significant decrease in the intensity of O 1s and S 2p core-level signal can 
be seen in Figure 3.9b, which may be due to the coverage of the PPY film with CC 
molecules and the possible deprotonation effect (loss of -SO3- anions) of the activation 
process. 
























Figure 3.9 XPS wide-scan spectra of (a) pristine 
PPY, and (b) PPY-P-C (0). 
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In the reaction of CC with pristine or PEGMA grafted PPY films, one or more of the 
chlorine atoms in CC may be replaced. Hence, a qualitative indication of the extent of 
the reaction of the film with CC can be observed from the [-Cl]/[C] ratio. Assuming 
that each CC molecule is linked to PPY or PEGMA via one site only, a higher [-Cl]/[C] 
ratio would indicate that a larger number of CC molecules reacted with the film. A plot 
of this ratio as a function of PEGMA monomer concentration used in the surface graft 
copolymerization of the PPY film is shown in Figure 3.10. The data showed that the 
largest [-Cl]/[C] ratio was obtained with the pristine PPY film, and as the PEGMA 
concentration increased, the ratio rapidly decreased. This data may mean that a higher
  







































Figure 3.10 Effect of PEGMA monomer concentration on the activation level of CC 
on PPY film as represented by the [-Cl]/[C] ratio, and the concentration of heparin 
immobilized on the PPY film. 
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amount of CC is bonded to pristine PPY film, which may be attributed to the higher 
concentration of hydroxyl groups on PPY film surface than on PEGMA. The 
concentration of hydroxyl groups on the pristine PPY film surface synthesized in the 
present work (expressed as [C-OH]/[C]) was calculated to be about 0.19 (Table 3.2), 
while that of the PEGMA monomer is only 0.06 (Figure 3.2a). However this may not 
be strictly correct since it may be easier for each CC molecule to react with more than 
one PEGMA chain than with the PPY chain. Hence there may be a possibility of more 
than one chlorine atom on each CC molecule being replaced by PEGMA. Regardless 
of the actual mechanism, it is important to note that a high [-Cl]/[C] ratio is desired for 
the subsequent heparin immobilization which utilizes the site of the chlorine atom. 
3.1.3.4 Heparin Immobilization 
The XPS C 1s core-level spectrum of the PPY film after PEGMA grafting and 
subsequent CC activation and finally heparin immobilization (PPY-Hep (0.5)) was 
again not significantly different from that of PPY-P-C (0.5). However, when the N 1s 
core-level spectrum of PPY-Hep (0.5) (Figure 3.8c) was compared with the 
corresponding spectrum of PPY film before heparin immobilization in Figure 3.8b, the 
increase in the intensity of the peak component at 397.7 eV attributable to the imine 
component is obvious. This may have resulted from the further deprotonation of PPY 
in formamide, which was used as the solvent for the heparin immobilization reaction. 
A blank test using a similar PPY film after PEGMA grafting and subsequent CC 
activation, immersed in the same amount of formamide for 3 days at room temperature 
without heparin, confirmed the increase in imine peak component at 397.7 eV and the 
corresponding decrease in the N+ component of N 1s core-level spectrum. In parallel 
with these changes in the N 1s core-level spectrum, a decrease in the S 2p core-level 
signal was also observed in the blank test indicating the loss of some of the TSA 
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groups acting as counterions to the N+. The electrical conductivity of the film also 
decreased significantly after heparin immobilization (Table 3.3). However, the film 
remained quite conductive (~10 S cm-1), which suggests further potential for 
enhancing the biological behavior of the immobilized biomolecules via the application 
of electrical stimulation through the PPY film. 
The XPS wide-scan spectrum of the sample after heparin immobilization showed an 
increase in the O 1s and S 2p core-level signals consistent with the chemical 
composition of heparin. A decrease in the Cl 2p core-level signal was also observed, 
which was to be expected based on the reaction mechanism of heparin immobilization 
shown in Figure 3.3c. The total concentration of heparin immobilized on the PPY films, 
as measured by the TBD method, is plotted against the PEGMA monomer 
concentration in Figure 3.10. The decrease in the concentration of immobilized heparin 
with increasing PEGMA monomer concentration was similar to the trend observed 
(Figure 3.10) for the CC activation level (indicated by [-Cl]/[C]). This observation 
further confirms the direct relationship between the chloride content of the CC on the 
PPY surface and amount of heparin that can be immobilized.  
3.1.3.5 Water Contact Angle 
The water contact angle of the various surface modified PPY films is summarized in 
Table 3.3. As shown in this Table, the pristine PPY film is fairly hydrophobic, with a 
water contact angle of about 76°, while the PEGMA graft copolymerized PPY films are 
quite hydrophilic with water contact angles as low as 48°. Due to heparin’s highly 
negatively charged structure, the wettability of the film surface after heparin 
immobilization increased further (Table 3.3). 
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3.1.3.6 Surface Morphology 
The effect of heparin immobilization process on the surface morphology of PPY film 
was studied by means of AFM. Figure 3.11a, b and c show the AFM images of the 
pristine PPY, PPY-P (5) and PPY-Hep (5) films respectively. As shown in Figure 3.11b, 
the surface roughness of PPY-P (5) (9 nm) was nearly the same as that of pristine PPY 
film (8 nm), which may mean that the PEGMA graft copolymerization on PPY film 
from the aqueous solution of PEGMA monomer does not change the surface 
morphology of PPY film significantly. Heparin immobilization also does not change 
the surface morphology of PPY film significantly (Figure 3.11c), other than a small 
increase in surface roughness. This increase in surface roughness may provide higher
  
 
(a) pristine PPY      Ra = 7.8 nm 
  
(b) PPY-P (5)      Ra = 9.0 nm (c) PPY-Hep (5)      Ra = 13.8 nm 
 
Figure 3.11 AFM images of (a) pristine PPY, (b) PPY-P (5), and (c) PPY-Hep (5). 
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surface area and hence higher degree of accessibility, which may have some 
advantages in macromolecular sensing or separation (Zhou et al. 1999) and may 
contribute to the enhanced ability of cells to attach and grow on surface modified PPY 
(Garner et al. 1999b). 
3.1.3.7 In vitro Blood Compatibility Assay 
(a) PRT 
An in vitro blood compatibility assay was performed to determine the bioactivity of the 
various surface modified PPY films. Figure 3.12 shows the experimental results from 
the in vitro blood clotting tests on glass, pristine PPY and the various surface modified 
PPY films. As shown in Figure 3.12, the PRT obtained with the pristine PPY film was 
about 270 s. After PEGMA graft copolymerization (PPY-P (5)), the PRT decreased 
slightly to 236 s, which indicates that PEGMA had no direct effect on the inhibition or 
activation of the blood-clotting factor. The lowest PRT was obtained with the PPY-P-C 
(0) film (168 s) (P < 0.001) indicating that blood-clotting factors were easily activated 
by CC. On the other hand, the PRT was greatly enhanced (500 s) on the heparin 
immobilized film, PPY-Hep (5), compared with that on the PPY control (P < 0.001). 
This indicates that the anticoagulant activity of the heparin molecules was maintained 
after surface immobilization on PPY. Hence, the immobilized heparin was able to 
adsorb antithrombin and consequently delayed fibrin formation and coagulation 
(Steffen et al. 2000). The PRT on PPY-Hep (5) film compared favorably with the value 
obtained by Kim et al. for similar heparin concentration on the poly(ethylene oxide) 
grafted PET (Kim et al. 2000). However, the PRT of the heparin immobilized CC 
activated PPY film without PEGMA graft copolymerization (PPY-Hep (0)) (260 s) was 
nearly the same as that of pristine PPY film (P < 0.151) although the immobilized 
heparin concentration (2.0 μg/cm2) was much higher than that on PPY-Hep (5) (1.0 
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μg/cm2). This may have been due to two effects. First, the anticoagulant activity of the 
heparin on PPY-Hep (0) may be negated by CC. As mentioned earlier, the PRT 
obtained with CC activated film without PEGMA (PPY-P-C (0)) was even shorter (168 
s) than that obtained with the pristine PPY film (270 s). Second, without PEGMA graft 





















































































Figure 3.12 PRT on glass and surface modified PPY films with and without 
electrical stimulation. The samples with (I) indicate that electrical stimulation was 
carried out during the PRT test. 
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Figure 3.10, which means two or more CC molecules may be bound to each heparin 
molecule resulting in decreased mobility and binding affinity of heparin. 
(b) Platelet Adhesion 
Figure 3.13 shows the SEM images of platelets adhered on glass, pristine PPY and 
surface modified PPY films. As shown in Figure 3.13a and b, there was extensive 
platelet adhesion on glass and pristine PPY film. The platelets adhered on glass and the 
pristine PPY film were highly activated with spread, aggregation and pseudopodia. 
However, after PEGMA graft copolymerization at a monomer concentration of 5 vol.%, 
the number of platelets adhered on the PPY-P (5) surface significantly decreased, and
  
(a) glass (b) pristine PPY 
(c) PPY-P (5) (d) PPY-Hep (5) 
 
Figure 3.13 SEM images of platelets on (a) glass, (b) pristine PPY, (c) PPY-P (5), 
and (d) PPY-Hep (5). 
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more importantly no activation of platelets was observed (Figure 3.13c). Polyethylene 
glycol-containing polymers are commonly used as blood-compatible materials and the 
protein-repelling property of polyethylene glycol is believed to result from its 
minimum interfacial free energy in water, its hydrophilicity, and its steric stabilization 
effects (Lee et al. 1995). Platelet adhesion usually will not occur to a significant extent 
if the blood protein cannot be adsorbed onto the surface. In the presence of heparin, the 
platelet adhesion and activation on the PPY-Hep (5) was further inhibited (Figure 
3.13d), which indicates that heparin can also suppress platelet activation. 
(c) In vitro Blood Compatibility Assay with Electrical Stimulation 
The effect of the passage of a constant current through the films (those indicated with 
“(I)”) on PRT is shown in Figure 3.12. For pristine PPY (pristine PPY (I)), the PRT 
increased significantly by >120 s compared with the case without electrical stimulation 
(270 s) (P < 0.001). For the heparin immobilized PPY films with (PPY-Hep (0.5)) and 
without (PPY-Hep (0)) PEGMA graft copolymerization, the PRT also increased by 
>120 s with electrical stimulation. In the case of PPY-Hep (5) film, the PRT was 
already very high, and with electrical stimulation, a further increase of about 60 s was 
achieved. 
Platelet adhesion and activation was also suppressed to a certain level with electrical 
stimulation. As shown in Figure 3.14a, fewer platelets adhered to pristine PPY with 
electrical stimulation (pristine PPY (I)) as compared to that without electrical 
stimulation (Figure 3.13b). At the same time, the platelets shown in Figure 3.14a were 
also smaller with a lower degree of aggregation. Similar effects can be observed on the 
heparin immobilized PPY film without PEGMA graft copolymerization by comparing 




(a) pristine PPY (I) 
(b) PPY-Hep (0) (c) PPY-Hep (0) (I) 
 
Figure 3.14 SEM images of platelets on (a) pristine PPY film with electrical 
stimulation, pristine PPY (I), (b) PPY-Hep (0), and (c) PPY-Hep (0) (I). The samples 
with (I) indicate that electrical stimulation was carried out during the platelet adhesion 
test. 
 
The exact mechanism in which electrical stimulation can affect the PRT and platelet 
adhesion is not clear. It has been proposed that electrical stimulation can cause changes 
in the local electrical fields of extracellular matrix proteins (Kotwal and Schmidt 2001). 
Thus, blood protein adsorption onto the PPY film may be affected which in turn affects 
blood coagulation and platelet adhesion on the PPY surface. 
3.1.3.8 Stability Test 
In view of intended intravascular applications of heparinized PPY, long-term stability 
of the heparinization is desired. The stability of the heparinization in vitro was tested 
  64
by incubating the PPY-Hep (5) film in PBS for 4 days. The decrease in heparin 
concentration on the film surface was consistent with the amount of heparin released 
into the PBS solution. The results are shown in Figure 3.15. It was found that only a 
small amount of heparin (about 5% of the initial concentration) was lost on the first 
day and the heparin concentration remained constant hereafter (Figure 3.15a). Hence, 
the present method of immobilizing heparin on the PPY surface via covalent linkages 
provides a high degree of stability at physiological pH. At this condition, the water 
contact angle of the film also remained fairly constant whereas there was a gradual 
decrease in the film’s electrical conductivity (Figure 3.15b). Nevertheless, the 






































































Figure 3.15 Changes in (a) the concentration of immobilized heparin, (b) the water 




Electrochemically synthesized PPY film can readily be surface graft copolymerized 
with PEGMA and then activated by CC and finally functionalized with heparin. The 
heparin modified PPY film continued to retain a significant level of electrical 
conductivity with improved surface wettability imparted by the surface grafted 
PEGMA and the subsequently immobilized heparin. The heparin immobilized PPY 
film prepared from surface graft copolymerization with 5 vol.% PEGMA monomer 
concentration was significantly more biocompatible than that prepared using lower 
PEGMA concentration or no PEGMA at all. This effect can be attributed to the 
biocompatible nature of the PEGMA molecules themselves as well as the spacer effect 
which allows for greater mobility of the immobilized heparin. With electrical 
stimulation, the blood compatibility, in terms of PRT and platelet adhesion, of the 
pristine PPY film and the surface modified films improved significantly. A small 
amount of heparin was lost after storage in PBS for four days, but the water contact 
angle remained fairly constant. A gradual decrease in the PPY film’s electrical 
conductivity was also observed but the film remained sufficiently conductive for 
electrical stimulation to take place.  
To explore the underlying mechanism of bioactivity on various PPY films with and 
without electrical stimulation, we studied the in vitro adsorption behavior of two 




3.2 Plasma Protein Adsorption and Thrombus Formation on 
Heparin Functionalized Polypyrrole Film 
3.2.1 Introduction 
Biomaterials may contact with blood, cells and tissues when they are used as 
components in extracoporal devices, and implanted parts such as hard structural 
elements, organs, soft tissue substitutes and drug delivery devices. In less than a 
minute, the adsorption of proteins will occur on the biomaterials forming a complex 
protein coating. 
The primary driving force of protein adsorption seems to be the hydrophobic 
interactions (Slack and Horbett 1989; Lu and Park 1991; Azioune et al. 2002). Hence, 
hydrophilic polymers grafted to the surface of polymer substrates serve to considerably 
reduce the adsorption of proteins (Kishida et al. 1992; Kato et al. 1995; Kidoaki et al. 
2001). Electrostatic contributions also play an important role (Sawyer and Pate 1953; 
Morrissey et al. 1976; Andrade and Hlady 1987; Smith and Knowles 1991). Protein 
adsorption onto polymeric surfaces grafted with ionic polymer chains is primarily 
governed by the electrostatic attraction and repulsion between the charged surfaces and 
charged proteins (Kato et al. 1995). In particular, negatively charged surfaces were 
suggested to cause plasma protein repulsion (Ramasamy and Sawyer 1977). Other 
contributing factors, albeit to a smaller extent, include the surface geometry and the 
Van der Waals forces etc (Jeon et al. 1991). However, in spite of extensive 
investigations, the exact mechanism of protein adsorption is still not completely 
understood (Nadarajah et al. 1995). 
For biomaterials in contact with blood, the composition of the adsorbed plasma 
proteins is a key determinant of all subsequent biological response, and thus 
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determines to a large extent the thrombogenicity of biomaterials. Hence, protein-
repellent or ‘non-fouling’ surfaces are crucial to protein or blood-contacting devices 
(Ikada 1994; Lee et al. 1997a; Klee and Hocker 1999; Meinhold et al. 2004). Heparin 
immobilization on PPY film has been shown in Section 3.1.3.7 to enhance the blood 
compatibility of the PPY surface by prolonging the PRT and inhibiting platelet 
adhesion. The effect of immobilized heparin on the adsorption of albumin and 
fibrinogen on PPY films was further tested for several reasons. Albumin is the 
preponderant blood protein in plasma, and due to its thromboresistant ability, platelet 
adhesion and aggregation is significantly reduced on albumin-coated biomaterial 
surfaces, thus avoiding subsequent thrombus formation (Kottkemarchant et al. 1989; 
Martins et al. 2003). Fibrinogen, as the precursor of fibrin, the clot forming protein, is 
often adsorbed preferentially with respect to other proteins on many surfaces, 
especially polymeric surfaces (Nimeri et al. 1994; Dejardin et al. 1995). It plays a 
central role in hemostasis, participating not only in the coagulation cascade, but also in 
promoting adhesion and activation of platelets through binding the GPIIb-IIIa 
glycoprotein present on the platelet membrane when adsorbed on solid surfaces 
(Baumgartner and Cooper 1998). Platelet adhesion on plasma pre-adsorbed 
biomaterials is almost completely inhibited when the plasma is deficient in fibrinogen. 
Thus, low plasma protein adsorption and a high ratio of albumin to fibrinogen 
adsorption on biomaterials indicate good blood compatibility. The thrombus formation 
behavior of the PPY films was also evaluated in the present work since a major 
complication in the use of blood-contacting material is the formation of thrombus at 
the blood-surface interface (Courtney et al. 1994). 
It is well documented that electrical stimulation enhances both neurite outgrowth in 
vitro and nerve regeneration in vivo (Valentini et al. 1989; Valentini et al. 1992; 
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Schmidt et al. 1997). One possible explanation for this is given by Kotwal and Schmidt 
(2001) who found that immediate electrical stimulation increases the adsorption of 
fibronectin on PPY surface, thus increasing neuronal attachment and neurite outgrowth. 
The results in Section 3.1.3.7 show that electrical stimulation can enhance the 
biocompatibility of the pristine and surface modified PPY films in terms of PRT and 
platelet adhesion. The results presented in this section aim to provide further 
understanding on the underlying mechanism through the investigation of plasma 
protein adsorption and thrombus formation under electrical stimulation. 
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3.2.2 Experimental Section 
3.2.2.1 Materials 
Bovine serum albumin (BSA, Sigma, B-4287) and fibrinogen from bovine plasma 
(BFG, Sigma, F-8630) were obtained as lyophilized powders. The buffer used in all 
protein adsorption experiments was a citrate-phosphate buffer saline solution (CPBS: 
0.01 M sodium citrate, 0.01 M sodium phosphate, 0.12 M sodium chloride, pH 7.4) 
(Yang and Lin 2001). 
3.2.2.2 Film Preparation and Characterization 
The preparation of the heparin functionalized PPY film has been described in Section 
3.1.2.3. The films were characterized as described in Section 3.1.2.5. 
3.2.2.3 In vitro Biocompatibility Assay 
(a) Protein Adsorption  
The proteins, BSA and BFG, were dissolved in CPBS to a concentration of 1 mg/ml. 
The pristine and surface functionalized PPY films were first equilibrated for 2 h in the 
buffer solution. The buffer solution was then replaced with approximately 6 ml of the 
protein solution which remained in contact with the test surface for 2 h at 37ºC. After 
this period, the PPY films were removed from the protein solution and gently washed 
twice with CPBS and twice with doubly distilled water. The experiment was carried 
out at least three times and a mean value calculated. 
(b) Plasma Adsorption 
PPP as obtained in Section 3.1.2.6 was diluted using CPBS to a concentration of 10 
vol.%. PPY films, after being hydrated in CPBS for 2 h, were immersed into PPP (10 
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vol.% in CPBS) and incubated for 2 h at 37ºC under static condition. The experiment 
was carried out at least three times and a mean value calculated. 
(c) Quantification of Adsorbed Protein 
The amount of protein adsorbed on the PPY films was determined by the modified 
dye-interaction method (Bradford 1976; Bonde et al. 1992; Kang et al. 1993; Chen et 
al. 2000) using the BioRad protein dye reagent (BioRad Chem., Catalog No. 500-
0006). The stock dye solution was diluted five times with doubly distilled water before 
use. Protein solution (0.2 ml) of known concentration was added to 5 ml of the dye 
solution. The protein-dye solution was kept for 10 min and centrifuged at 5000 rpm for 
15 min. In the latter process, the protein-dye complexes were precipitated and the free 
dye remained in the upper layer. The absorbance of the supernatant at 465 nm 
(measured using a Shimadzu UV-3101 PC scanning spectrophotometer) was used to 
obtain a standard calibration curve. For the quantitative determination of adsorbed 
protein, the PPY film with adsorbed protein was immersed in 5 ml of the dye solution. 
After 3 h of reaction, the PPY film was removed and the absorbance of the dye 
solution was measured at 465 nm. The amount of protein adsorbed on the PPY was 
calculated from the standard calibration curve. 
(d) Thrombus Formation 
The thrombus formation test was carried out according to the method previously 
reported (Imai and Nose 1972; Kim et al. 2000). Fresh blood collected from a healthy 
rabbit was immediately mixed with 3.8 wt% sodium citrate solution in a dilution ratio 
of 9:1 (v/v). Before the clot test, the PPY substrates (2 × 2 cm2) were equilibrated in 
0.9 wt% sodium chloride aqueous solution and kept at 37ºC in a constant temperature 
water bath. A quantity of 0.2 ml of the blood was placed onto each film and blood 
clotting was initiated by adding 0.02 ml of 0.1 M CaCl2 solution and mixing it 
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thoroughly using a Teflon rod. Distilled water (5 ml) was added after 30 min to stop 
the reaction. The thrombus formed was extracted with a spatula and transferred into 5 
ml of distilled water. After 5 min at room temperature, it was placed in a 37% 
formaldehyde aqueous solution (5 ml) to fix the thrombus. The thrombus was dried at 
a reduced pressure until the sample weight reached a constant value. The experiment 
was carried out at least three times and a mean value calculated. 
(e) In vitro Electrical Stimulation 
Electrical leads were directly attached to opposite ends of pristine and surface 
modified PPY films, and a constant current of 50 μA was passed through the films. The 
protein adsorption test (with the middle portion of the film immersed in the protein 
solution) and the thrombus formation test as mentioned above were then carried out 
with the film under electrical stimulation. The variation of the time period during 
which the current was passed prior to the protein adsorption and thrombus formation 
tests (termed the pre-stimulation time in the subsequent discussion) was also 
investigated. The respective PPY films without electrical stimulation were used as 
control for this set of experiments. 
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3.2.3 Results and Discussion 
3.2.3.1 Protein Adsorption 
Figure 3.16 shows the amount of BSA and BFG adsorbed from pure solutions (1 
mg/ml) on the pristine, the PEGMA graft copolymerized and the heparin immobilized 
PPY films. The mean BSA to BFG adsorption ratio of each film is also shown in 
Figure 3.16. Our results showed that pristine PPY adsorbs ~3 μg/cm2 of BSA and BFG 
(Figure 3.16), which compares well with the amount of fibronectin adsorbed on PPY 
doped with poly(styrene sulfonate) (~10 μg/cm2) from a 1 mg/ml fibronectin solution 
in PBS (Kotwal and Schmidt 2001). The higher level of protein adsorption on PPY 
films compared to that on many other substrates may be due to the presence of positive 
charges on PPY backbone (Chehimi et al. 1996). Since the isoelectric points of 
albumin and fibrinogen are 4.8 and 5.5, respectively (Nishimura et al. 1984; Winterton 
et al. 1985), these proteins are expected to carry negative charges in the CPBS buffer 
solution (pH 7.4) used for protein adsorption test in the present study. Hence, the 
positive charges on PPY will interact with the negative charges on proteins through 
electrostatic force, which will result in a higher amount of protein adsorbed on PPY 
surface than that on substrates with no charges or with negative charges. For PPY graft 
copolymerized with PEGMA at lower monomer concentration (PPY-P (0.5)), the 
adsorption of both BSA and BFG decreased (P < 0.05) with little change in the BSA to 
BFG adsorption ratio compared with that on pristine PPY (Figure 3.16). With the 
increase in PEGMA monomer concentration used for the surface graft 
copolymerization on PPY surface (PPY-P (5)), both BSA and BFG adsorption 
decreased further, and a slight increase in the ratio of adsorbed BSA to BFG is 






















































   BSA
   BFG
 
Figure 3.16 Bovine serum albumin (BSA) and bovine plasma fibrinogen (BFG) 
adsorption on pristine and surface modified PPY films. R denotes the mean BSA to 
BFG adsorption ratio. The maximum variation from the mean value is ± 0.04. 
 
with PEGMA with different polyethylene oxide groups shows low protein adsorption 
(Kwon et al. 1999). This phenomenon may be related to the hydrophobicity change of 
the PPY surface after PEGMA graft copolymerization. PPY-P (0.5) is more hydrophilic 
than PPY, as indicated by the decreased water contact angle, and PPY-P (5) with the 
highest PEGMA graft concentration has the lowest water contact angle compared with 
the other two films (Table 3.3). Protein adsorption is generally considered to be greater 
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and to involve stronger binding on hydrophobic than on hydrophilic surfaces (Boffa et 
al. 1977; Lee et al. 1995). Other characteristics of PEGMA may also play a role in 
preventing protein adsorption, such as minimum interfacial free energy in water, high 
mobility of the grafted chains and extensive volume in water (Hermans 1982; 
Gombotz et al. 1991; Fujimoto et al. 1993; Lee et al. 1995). 
The heparin immobilization on PEGMA graft copolymerized PPY via CC activation 
(PPY-Hep (0.5), PPY-Hep (5)) further reduced the BFG adsorption compared with the 
films without heparin immobilization (PPY-P (0.5), PPY-P (5)) (P < 0.001) (Figure 
3.16). Among the heparinized PPY films, PPY-Hep (5) had the greatest ratio of 
adsorbed BSA to BFG (~3.0) which is much higher than that of the pristine PPY (0.8) 
(Figure 3.16). This ratio compares well with the ratio (3.8) reported by Lai et al. for 2-
hydroxyethyl methacrylate deposited Nylon 4 substrate (Lai et al. 1991). Tsai also 
reported that heparin immobilization on tissue induced a decrease of fibrinogen 
adsorption and an increase of albumin adsorption (Tsai et al. 2001). For PPY-Hep (5), 
heparin molecules are expected to be covalently immobilized on the PPY surface via 
end-point attachment in a cilia-like fashion (Larm et al. 1983; Tsai et al. 2001; Videm 
2004) because of the low activation level of CC on this surface (Figure 3.10). This 
specific structure would allow large proteins (e.g. BFG, MW~340,000) to be adsorbed 
readily on cilia whereas the smaller proteins (e.g. BSA, MW~69,000) would be 
preferentially adsorbed on the PPY surface (Brash 1991). The BFG molecules that are 
adsorbed on the cilia, rather than on the PPY surface, may then be easily washed away 
during the rinsing procedure prior to quantification. However, it should be noted that 
heparinization of the pristine PPY without PEGMA (PPY-Hep (0)) resulted in no 
significant reduction in protein adsorption (P > 0.05) (Figure 3.16). Protein adsorption 
on this surface is complicated by a number of characteristics of the surface: first, in the 
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absence of PEGMA, the CC activation level was the highest (Figure 3.10), which 
means multi-point attachment of heparin molecule to PPY film is possible so cilia 
formation is reduced on the surface; second, the hydrophilicity of the surface was not 
much improved (Table 3.3); third, since PEGMA is absent, the characteristics of 
PEGMA which can account for its effectiveness in preventing protein adsorption are 
also absent; fourth, the bioactivity of heparin on PPY-Hep (0) may be negated by CC 
as discussed in Section 3.1.3.7. Hence, the presence of PEGMA on the PPY film is 
needed for the immobilized heparin to be effective in reducing protein adsorption, 
particularly for BFG. 
The effect of surface roughness on protein adsorption was also considered. The 
average surface roughness of the pristine PPY, PPY-P (5) and PPY-Hep (5) films were 
8, 9 and 14 nm respectively (Figure 3.11). Since the increase in surface roughness is 
small, it is unlikely to play a significant role in affecting the protein adsorption on 
these films. 
3.2.3.2 Plasma Adsorption and Thrombus Formation 
Blood plasma is a complex mixture which includes albumin, immunoglobulins and 
fibrinogen, as well as many other proteins, such as complement factor, lipoproteins and 
cytokines. Figure 3.17 shows the amount of PPP adsorbed (from 10 vol.% PPP in 
CPBS) on the various PPY films. The introduction of PEGMA copolymer onto PPY 
surface (PPY-P (0.5)) decreased plasma adsorption compared with that on pristine PPY 
(P < 0.005). With the increase in PEGMA monomer concentration (PPY-P (5)), the 
plasma adsorption on PPY decreased further. This is similar to the trend observed in 
Figure 3.16 for BSA and BFG adsorption on PEGMA graft copolymerized PPY in the 
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Figure 3.17 Platelet poor plasma (PPP, 10 vol.% in CPBS) adsorption and thrombus 
formation after 30 min incubation on pristine and surface modified PPY films. The 
weight of thrombus formed on the surface modified PPY film is normalized by that 
formed on pristine PPY film. 
 
PPY decreased plasma adsorption further and the lowest plasma adsorption was 
observed on PPY-Hep (5) (P < 0.001) even though the amount of heparin was the 
lowest among three films (PPY-Hep (0), PPY-Hep (0.5), PPY-Hep (5)) (Figure 3.10). 
This phenomenon is again attributed to the activation level of CC and its interaction 
with heparin, as discussed above. 
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The thrombus formation behavior on various PPY films is also demonstrated in Figure 
3.17. In this Figure, the weight of thrombus has been normalized by that formed on 
pristine PPY. The effects of PEGMA and heparin on thrombus formation follow the 
same trends observed with plasma protein adsorption. Thrombus formation on a 
biomaterial surface is usually triggered by the preferential adsorption of some plasma 
proteins especially fibrinogen (Branger et al. 1990) which may promote platelets 
adhesion and activate the aggregation of platelets to form thrombus through membrane 
glycoprotein complexes (Phillips et al. 1988). On the other hand, it has been reported 
that thrombus formation can be inhibited by the adsorption of albumin 
(Kottkemarchant et al. 1989). Thus, the observed reduction in thrombus formation with 
the introduction of PEGMA and heparin on the PPY surface may be due to the reduced 
adsorption of plasma proteins especially BFG by the functionalized polymeric surfaces 
(Figure 3.16 and Figure 3.17).  
In summary, these three different sets of in vitro experiments on PEGMA and heparin 
surface modified PPY films show a preferential decrease in BFG adsorption relative to 
BSA, a lowered level of plasma adsorption and a decreased tendency of thrombus 
formation compared to the pristine PPY film. 
3.2.3.3 Plasma Protein Adsorption and Thrombus Formation with Electrical 
Stimulation 
Figure 3.18 and Figure 3.19 show the effect of electrical stimulation on BSA and BFG 
adsorption, and thrombus formation on four different PPY films. For ease of 
comparison, the values obtained without electrical stimulation were reproduced in 
these Figures from Figure 3.16 and Figure 3.17. The results in Figure 3.18 and Figure 
































































Figure 3.18 (a) Bovine serum albumin (BSA), and (b) bovine plasma 
fibrinogen (BFG) adsorption on pristine and surface modified PPY films 
under electrical stimulation (I = 50 μA) with a pre-stimulation time of 30 
min. The pre-stimulation time is the time period for the passage of the 
electrical current through the films prior to the addition of protein 






































Figure 3.19 Thrombus formation on pristine and surface modified PPY films 
under electrical stimulation (I = 50 μA) with a pre-stimulation time of 30 min. 
The weight of thrombus formed on the various PPY films under electrical 
stimulation is normalized by that formed on pristine PPY without electrical 
stimulation. 
 
film for 30 min prior to the protein adsorption and thrombus formation tests, and the 
current was then maintained for the duration of the tests. The protein adsorption and 
thrombus formation on these films decreased significantly as compared with the 
corresponding films without electrical stimulation (P < 0.0001) (Figure 3.18 and 
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Figure 3.19). For pristine PPY, a decrease of about 44% in BSA and 50% in BFG 
adsorption was obtained. Similarly, for the other films, electrical stimulation resulted 
in about 50% or more reduction in both BSA and BFG adsorption. Hence, from Figure 
3.18, it can be seen that with heparin functionalization and electrical stimulation, 
protein adsorption on PPY can be decreased by as much as 90%, which is the case for 
BFG adsorption on PPY-Hep (5) under electrical stimulation.  
The effect of the time period of electrical stimulation prior to the protein adsorption 
test was also investigated and the results are presented in Figure 3.20. As shown in this 
Figure, if a fixed electrical current of 50 μA was passed through the pristine PPY film
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Figure 3.20 Bovine serum albumin (BSA) and bovine plasma fibrinogen (BFG) 
adsorption on pristine PPY film with different pre-stimulation times (I = 50 μA). 
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only during the protein adsorption test without any pre-stimulation, no reduction in 
protein adsorption was observed (P > 0.05). When pre-stimulation was carried out for 
more than 5 min, a significant decrease in protein adsorption was observed and this 
level of decrease reached a plateau after about 30 min of pre-stimulation. Thus, the 
PPY film must have reached an equilibrium state after the passage of the electrical 
current for this period of time. The experimental results also showed that if pre-
stimulation was carried out for 30 min only and no current was passed through the film 
during the protein adsorption test, no protein adsorption reduction could be observed. 
Another factor investigated was the effect of temperature on protein adsorption since 
the passage of a constant current through the PPY film will generate some heat. Figure 
3.21 shows how the BSA and BFG adsorption on pristine PPY film varies with incuba- 
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Figure 3.21 Bovine serum albumin (BSA) and bovine plasma fibrinogen (BFG) 
adsorption on pristine PPY film at different incubation temperatures. 
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tion temperature. As shown in this Figure, the adsorption of both proteins increased 
slightly with increasing incubation temperature from 22ºC to 37ºC (P < 0.05). This 
indicates that the adsorption process is endothermic and perhaps dominated by 
hydrophobic interactions (Boisson et al. 1988). A similar behavior was reported by 
other researchers for plasma protein-glass system (Nyilas et al. 1976). With the results 
in Figure 3.21, it can be concluded that any increase in protein adsorption promoted by 
the heat generated from the electrical current is countered by the other factors such as 
electrical field which inhibits the protein adsorption. 
The exact mechanism for the observed effects under electrical stimulation is not clear 
and needs further investigation. But one explanation may be the electrical field-
induced redistribution of the charged proteins. With passage of a constant electrical 
current through the PPY film, an electrical field is generated (Schmidt et al. 1997). In 
this case, the protein adsorption behavior can be expected to depend on the interaction 
between the negatively charged proteins and the electrical field generated on the PPY 
film during the electrical stimulation. This in turn may affect the subsequent events of 
platelet adhesion, thrombus formation and blood coagulation. 
3.2.3.4 Stability Test 
It has been shown that the linkages of heparin on the surfaces of PPY through covalent 
binding are rather stable (Section 3.1.3.8). In this part of work, the stability of the 
bioactivity of the heparin immobilized PPY film, PPY-Hep (5), during immersion in 
PBS buffer was discussed. The PPY-Hep (5) film, after immersion in PBS for various 
time periods was subjected to the in vitro protein adsorption test. The results shown in 
Figure 3.22 indicates that a 15% increase in BFG adsorption was observed after the 
film was immersed in PBS buffer for one day (P < 0.05). Further increase in 
immersion time resulted in a very gradual increase in BFG adsorption (23% after four 
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days). In the case of BSA adsorption, a 12% decrease was observed on the film which 
was immersed for one day in PBS buffer. Again, there was only a slight change in the 
amount of BSA adsorbed on films immersed in PBS buffer for up to four days. Hence, 
the present method of immobilizing heparin on the PPY surface via covalent linkages 
provides a high degree of stable bioactivity at physiological pH.  
After four-day immersion in PBS, the electrical conductivity of the PPY-Hep (5) film 
decreased from 8.9 S cm-1 to 4.2 S cm-1 (Figure 3.15). Nevertheless, the film remained 
sufficiently conductive for the electrical stimulation test to be carried out. The effect of 
electrical stimulation (I = 50 μA with a pre-stimulation time of 30 min) on protein 
adsorption on PPY-Hep (5) after four-day immersion in PBS was also investigated. 
The results were similar to those obtained with the PPY-Hep (5) film before immersion 
in PBS (Figure 3.18), i.e. about 50% reduction in both BSA and BFG adsorption as 
compared to the amounts adsorbed without electrical stimulation can still be achieved. 
Hence, the bioactivity of the film and the positive effect of electrical stimulation are 
maintained. 
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Figure 3.22 Changes in bovine serum albumin (BSA) and bovine plasma fibrinogen 





The immobilization of heparin onto PPY surface has a significant effect on the 
selective adsorption of the plasma proteins, albumin and fibrinogen, and consequently 
the formation of thrombus. The PPY surface, which was functionalized with both 
PEGMA and heparin, had the highest ratio of albumin to fibrinogen adsorption, the 
lowest level of plasma adsorption and the lowest amount of thrombus formation. With 
electrical stimulation, plasma protein adsorption and thrombus formation on the 
pristine PPY film and the surface modified films were significantly reduced. However, 
the passage of electrical current for a sufficient period of time was required to achieve 
this effect. The bioactivity of the heparin immobilized PPY film was retained after 
long-term immersion in PBS (pH 7.4) which suggests potential intravascular 
application. More importantly, the application of electrical stimulation remained 
effective for enhancing the bioactivity of the heparin immobilized PPY film after long-
term immersion in PBS. 
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3.3 Surface Functionalization of Polypyrrole Film with Hyaluronic 
Acid and Sulfated Hyaluronic Acid 
3.3.1 Introduction 
As shown in Section 3.1, heparin can be immobilized on the surface of materials to 
prevent blood coagulation. Besides heparin, there is also interest in the heparin-like 
members in the glycosaminoglycans family (Barbucci et al. 1996; Magnani et al. 1996). 
Hyaluronic acid (HA) is a high-molecular-mass polysaccharide found in the 
extracellular matrix, especially of soft connective tissues (Laurent and Fraser 1992). 
HA has potential applications in wound-healing, tissue regeneration and angiogenesis 
(West et al. 1985; Collier et al. 2000). HA, with its regular sequenced units, consisting 
of nonsulfated repeating disaccharide units of glucuronic acid β (1→3) and N-
acetylglucosamine β (1→4) linkages (Figure 3.23a), can be further sulfonated (SHA) 

































Figure 3.23 (a) A repeating disaccharide unit of hyaluronic acid (HA), and (b) 
sulfated hyaluronic acid (SHA) if all OH groups are sulfated. 
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It has also been documented that the degree of sulfonation is an important functional 
property that contributes significantly to the anticoagulant effects of 
glycosaminoglycans (Barbucci et al. 1996; Magnani et al. 1996). 
In a previous work (Cen et al. 2002), it has been shown that a high concentration of 
HA (50 µg/cm2) can be successfully immobilized on PPY film surface (PPY-HA) with 
the retention of its biological activity. Since it is difficult to covalently immobilize a 
high concentration of heparin on substrate surfaces, the current work focuses on 
sulfonation of the immobilized HA on PPY film (PPY-SHA) and the assessment of the 
bioactivity of the PPY-HA as well as PPY-SHA systems in terms of PRT and platelet 
adhesion assays and in comparison with those of the PPY film immobilized with 
heparin. 
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3.3.2 Experimental Section 
3.3.2.1 Materials 
3-aminopropyl triethoxyl silane (ATS), pyridinesulfonate and tributylamine were 
obtained from Aldrich Chemical Co., 2-hydroxyethyl acrylate (HEA) was purchased 
from Fluka. HA from human umbilical cord was purchased from Sigma Chemical Co. 
Water-soluble-1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (WSC) 
was purchased from Dojindo Chemical Co. and was used as received. The other 
solvents and reagents were of analytical grade and were used without further 
purification. 
3.3.2.2 Electrochemical Synthesis of Polypyrrole Film 
The process for the synthesis of PPY was described in Section 3.1.2.2. 
3.3.2.3 Surface Functionalization of Polypyrrole Film with Hyaluronic Acid and 
Sulfonation of the Immobilized Hyaluronic acid# 
The procedure for the surface functionalization of PPY with HA has been described in 
a previous work (Cen et al. 2002), and is briefly introduced here. Four steps are 
required for the immobilization of HA: (a) surface graft copolymerization of the argon 
plasma pretreated PPY film with HEA (PPY-HEA); (b) silanization of HEA graft-
copolymerized PPY film by ATS (P-HEA-ATS); (c) pre-activation of HA with WSC; 
(d) HA immobilization through the amide linkage formation between the primary 
amine groups introduced on the PPY film, and the carboxyl groups of HA pre-activated 
by WSC (PPY-HA). The details of the process are summarized in Figure 3.24. 
 
# This part of work was carried out by Cen Lian who was a research fellow in Prof Neoh's




























Step a: Graft copolymerization of HEA on PPY film surface
HA
WSC





Step d: Anchoring of HA
Step c: HA preactivation with WSC  
Figure 3.24 Mechanism of anchoring HA on surface modified PPY film. 
 
The sulfonation was carried out on the HA immobilized PPY film (PPY-HA) prepared 
by graft-copolymerization with 5 vol.% HEA and subsequently silanization with 1 
vol.% ATS in dioxane. The PPY-HA film (2 × 3 cm2) was immersed in 30 ml of 
dimethylformamide and 1 ml of tributylamine was then added to form the 
tributylammonium hyaluronate. This process protects the COOH groups in the 
subsequent sulfonation reaction. After 1 h, the PPY-HA film was then transferred into 
another 30 ml of dimethylformamide solution. 8 mg of pyridinesulfonate was added 
and the reaction proceeded for 1 h under N2 at 0ºC. 1 ml of 1 M NaOH was then added 
dropwise into the above reaction mixture. After that, the film was taken out and 
washed with ethanol and dried. The sulfonation reaction is summarized in Figure 3.25. 















H2O, NaOH HA CO- Na+
OSO-3Na
+








Figure 3.25 Sulfonation reaction of HA. 
 
3.3.2.4 Surface Characterization 
XPS, water contact angle, electrical conductivity, SEM, AFM analyses were performed 
in the same way as those in Section 3.1.2.5. 
3.3.2.5 In vitro Blood Compatibility Assay 
Platelet adhesion and PRT were assayed in the manner described in Section 3.1.2.6. 
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3.3.3 Results and Discussion 
3.3.3.1 Surface Functionalization of Polypyrrole Film with Hyaluronic Acid and 
Sulfonation of the Immobilized Hyaluronic Acid 
The surface functionalization of PPY film with HA (PPY-HA) has been discussed in a 
previous work (Cen et al. 2002). The PPY-HA film used in the present work has 50 
µg/cm2 of immobilized HA and this film was used for the subsequent sulfonation 
(PPY-SHA).  
The sulfonation reaction occurs through a nucleophilic attack of the alcoholic oxygen 
of HA on the sulfur atom of the pyridinesulfonate. It has been shown that this reaction 
is easily controllable, and different degrees of sulfonation ranging from one to four 
sulfate groups per disaccharide unit of HA can be obtained by varying the 
HA/pyridinesulfonate molar ratio. A molar ratio of OH in HA/pyridinesulfonate of 1:8 
was reported to be sufficient to result in approximately 4 sulfate groups on each 
repeating unit of free HA (Magnani et al. 1998). Since it has also been shown that 
heparin-like activities increase with the sulfonation degree, a ratio of OH in 
HA/pyridinesulfonate of 1:15 was used in the present work.  
The C 1s and S 2p core-level spectra of PPY-HA and PPY-SHA are shown in Figure 
3.26. The XPS data for PPY-HA is reproduced here for ease of comparison. After 
sulfonation, the PPY-HA film (PPY-SHA) showed an increase in the intensity of the 
peak component at 284.6 eV attributable to the CH species (Figure 3.26c) compared 
with Figure 3.26a. This may be due to the presence of some residual tributylamine and 
pyridine groups. The appearance of the S 2p core-level signal after sulfonation as 




Figure 3.26 XPS C 1s and S 2p core-level spectra of (a) and (b) PPY film after HA 
immobilization (PPY-HA), (c) and (d) PPY-HA film after sulfonation (PPY-SHA). 
 
can be detected from the PPY film after HA immobilization due to the surface 
coverage of this functional layer (Figure 3.26b). The extent of sulfonation can be 
estimated from the [S]/[N] ratio (computed from the area ratio of the S 2p and N 1s 
peaks after correction with the appropriate sensitivity factors) which was found to be 
1.05, since the [S]/[N] ratio of the film before sulfonation was ~ 0. As shown in Figure 
3.23b, complete sulfonation should yield a [S]/[N] ratio of 4. Since complete 
sulfonation is possible with free HA at the HA/pyridinesulfonate reactant molar ratio 
used in this work (Magnani et al. 1998), the relative low value obtained in the PPY-
SHA film may be due to steric hindrance resulting from the immobilization of the HA. 
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It is possible that HA is more sulfated on the outermost part, and less so in the inner 
portion of the layer. Hence, the [S]/[N] ratio of 1.05 gives an average value across the 
sampling depth of the XPS technique. 
The surface characteristics of the various modified PPY films (Table 3.4) were 
compared with pristine PPY (Table 3.3). An increase in hydrophilicity was observed 
upon immobilization with HA and the sulfonation process did not change the contact 
angle significantly. The significant decrease in electrical conductivity after sulfonation 
of the PPY-HA film may be due to the addition of NaOH to the reaction mixture during 
sulfonation. Nevertheless, the PPY-SHA film still retained significant electrical 
conductivity. 
Table 3.4 Surface properties of PPY film before and after surface 
functionalization with sulfated HA 
Film Surface [S]/[N] ratioa Water contact angle (θ°) 
Conductivity σ 
(S cm-1) 
PPY-HA 0.00 29 ±2 55 ± 1 
PPY-SHA 1.05 32 ± 2 7 ± 2 
a As determined by XPS. 
 
3.3.3.2 Surface Morphology 
The change in the surface morphology of the PPY film after functionalization can be 
observed by means of AFM. Figure 3.27a, and b show the AFM images of the PPY-HA 
and PPY-SHA films, respectively. The surface morphology of PPY (Figure 3.11a) 
changed after HA immobilization (Figure 3.27a) with Ra increasing from 7.8 nm to 
12.8 nm. This change occured mainly after HA immobilization (step (d) in Figure 
3.24), since the AFM image of the PPY sample after HEA grafting and ATS 
silanization before HA immobilization showed similar morphology as that of the 
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pristine PPY film. The surface of PPY-HA film showed clusters of nodules (Figure 
3.27a). After sulfonation (Figure 3.27b), the Ra decreased from 12.8 nm to 10.6 nm 
and the film surface became striated. While the cause for this morphological change is 
not clear, the dense negative charges of SHA (Figure 3.23) may play a role in affecting 
the surface morphology. A strong electrostatic repulsion can be expected in the 
presence of a large number of sulfate groups, resulting in a more rigid and stretched 
structure of the immobilized chains of SHA compared with a coiling conformation of 
HA (Barbucci et al. 1996; Magnani et al. 1998). Rough surface that contacts blood 
may produce turbulence in the bloodstream and in turn induce hemolysis and platelet 
activation and aggregation (Dumitriu 1994). Since the Ra values of PPY-HA and PPY-
SHA surfaces did not change significantly from that of pristine PPY, the effect of 
surface morphology on the blood compatibility of the films is expected to be minor.  
 
 
 (a) PPY-HA      Ra = 12.8 nm (b) PPY-SHA      Ra = 10.6 nm 
 
Figure 3.27 AFM images of (a) PPY-HA, (b) PPY-SHA films. 
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3.3.3.3 In vitro Blood Compatibility Assay 
In vitro blood compatibility assay was performed to determine the bioactivity of the 
PPY films with immobilized HA and SHA. Figure 3.28 shows the results from the in 
vitro blood clotting tests on the various surface modified PPY films. The grafting of 










































Figure 3.28 PRT on various surface modified PPY films.  
 
 
PRT time (from 270 s on pristine PPY film (Figure 3.12) to 254 s on P-HEA-ATS 
(Figure 3.28)) (P < 0.05). However, after the immobilization of HA (PPY-HA), a 
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significant improvement of the blood compatibility was achieved even though the 
effect of HA on blood compatibility is known to be nonspecific (Balazs et al. 1991). 
The highest PRT (690 s) was obtained for the PPY-SHA sample (Figure 3.28), which is 
significantly higher than those of PPY-HA (468 s) (Figure 3.28) and PPY film 
functionalized with heparin (PPY-Hep (5)) (500 s) (Figure 3.12) (P < 0.001), which 
may be mainly due to the significantly higher concentration of HA (50 μg/cm2) and 
SHA than that of heparin (~ 1 μg/cm2) on the PPY film surface. 
It has been reported that sulfated free HA cannot interact strongly with proteins, such 
as thrombin due to the conformation it assumes in solution (Magnani et al. 1998). 
Based on the phenomenon observed in the present PRT test, the high PRT value 
achieved may be due to the possibility that the conformation of immobilized SHA is 
different from that in solution, facilitating its interaction with thrombin. Since in this 
technique, the functional polysaccharides exist on the surface of the substrate, good 
accessibility for interaction with those macromolecules in blood can be obtained. A 
previous work on sulfated HA (sulfonation degree of 3.5 per repeat unit of HA) 
attached to polyurethane surface via several ways, showed that the anticoagulant 
effects were different depending on the methods (Magnani et al. 1999). The 
immobilization method which involved crosslinking of most of the carboxyl groups of 
sulfated HA, resulted in a significant loss of the anticoagulant activity. Another method 
which involved only a few carboxyl groups in the immobilization procedure showed 
good anticoagulant activity. Hence, it was proposed that the availability and 
concentration of carboxyl groups is a key factor determining the coagulation process 
(Magnani et al. 1999). In the present method, the immobilization of HA occured via 
carboxyl groups before the sulfonation. Since the anticoagulant activity of the sulfated 
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HA appears to be preserved, a number of carboxyl groups must be still available for 
bioactivity (Figure 3.26c). 
Figure 3.29 shows the SEM images of platelets adhered on various functionalized PPY 
films. As shown in Figure 3.29a, there was formation of fibrin networks with trapped 
platelets and blood cells on the PPY film surface graft copolymerized with HEA and 
subsequent silanized with ATS (P-HEA-ATS). Since the P-HEA-ATS film was less 
hydrophobic than pristine PPY (water contact angle of P-HEA-ATS is 50° compared to 
76° for pristine PPY), this effect is likely due to the strong nonspecific interactions of 
the silanized surface with proteins in blood, which promotes platelet adhesion 
(Baumgartner and Cooper 1998; Kim et al. 2004). Such nonspecific toxicity was also 
observed in the PRT test for this surface (Figure 3.28), but is clearly more serious in 
the platelet adhesion test. The presence of amino groups as part of the long grafted 
chains in P-HEA-ATS may interact well with blood proteins, especially fibrinogen 
which promotes adhesion and activation of platelets. Moreover, ATS is also used for 
improvement of special tissue adhesion. After the immobilization of HA (Figure 3.29b), 
there was still extensive platelet adhesion, but no fibrin network can be detected. 
Platelet activation was exhibited in the form of pseudopodia and several small 
aggregations, without the spread of platelets. The highly hydrophilic property of HA 
and a relatively high number of carboxyl groups which generate a high concentration 
of acidic, negative charges may contribute to the reduction in platelet adhesion, 
compared with P-HEA-ATS surface.  
After sulfonation of the immobilized HA, the number of platelets was significantly 
reduced (Figure 3.29c). This may be due to the insertion of -SO3- groups. The increase 
in the density of negative charges on PPY-SHA surface may serve as an important 
factor, since it has been shown that the anticoagulant activity of sulfated HA is mainly 
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due to its high density of negative charges (Magnani et al. 1996; Chen et al. 1997). It 
has been shown that ionic surface prevents adsorption of proteins with similar charge 
but facilitates the adsorption of proteins with opposite charge (Kato et al. 1995). Thus, 
the adsorption behavior of the two most abundant proteins in plasma, albumin and 
fibrinogen can be expected to depend on the electrostatic repulsion between the 
negative charges of the proteins and the dense negative charges of the PPY-SHA film 
surface, and this in turn may affect the subsequent events of platelet adhesion. 
 
(a) P-HEA-ATS 
(b) PPY-HA (c) PPY-SHA 
 




Electrically synthesized PPY films can readily be surface functionalized with HA. The 
immobilized HA can be further sulfonated to render heparin-like activities on the PPY 
surface. The surface functionalization process led to slight change in the surface 
morphology of the PPY film. Both PPY-HA and PPY-SHA films exhibited improved 
blood compatibility compared with the pristine PPY film. The PRT increased from 270 
s for the pristine PPY film to 468 s for the PPY-HA film. The PRT observed from the 
PPY-SHA film (690 s) was significantly prolonged compared with the HA 
functionalized PPY. This PRT was also longer than that of heparin functionalized PPY 
(Section 3.1.3.7). Platelet spreading which was extensive on pristine PPY film was 
inhibited on both PPY-HA and PPY-SHA surfaces, with the latter showing a 
significantly greater reduction. However, the effect of SHA immobilization on PPY 
film on reducing platelet adhesion is not as good as that on the heparin immobilized 
PPY film, which maybe due to the biocompatible nature of the PEGMA copolymer 








CHAPTER 4 POLY(VINYL ALCOHOL) 
HYDROGEL FIXATION ON POLYMER 
SURFACES FOR BIOMEDICAL APPLICATION 
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4.1 Poly(vinyl alcohol) Hydrogel Fixation on Poly(ethylene 
terephthalate) Surface for Biomedical Application 
4.1.1 Introduction 
The surface modification technique in Section 3.1.2.3 was extended to covalently 
immobilize PVA onto polymeric surfaces. The PVA acts as a matrix for heparin and 
hence provides an alternative way to heparinize polymeric substrate. PVA is an 
uncharged, water soluble polymer (Figure 4.1a). Surface coating of PVA on various 
substrates by adsorption from aqueous solution of PVA polymer has been frequently 
applied which was reported to strongly attenuate the adsorption of proteins 
(Evangelista and Sefton 1986; Gilges et al. 1994; Leonard et al. 1995; Nash et al. 1997; 
Barrett et al. 2001; Coupe and Chen 2001; Kozlov et al. 2003). However, to maintain 
the protein-resistant features over longer time periods, high coverage polymer layers 
and good mechanical and chemical stability of the coatings are required (Meinhold et 
al. 2004). PVA hydrogel (comprising crosslinked PVA polymer (Figure 4.1b)) 
possesses many useful properties that make it an excellent candidate for biomaterials 
(Peppas 1986; Nakayama et al. 1999; Hassan and Peppas 2000), such as insoluble and 
biodegradable, non-toxic, non-carcinogenic, bioadhesive and ease of processing 
although it was recently reported that blood contact with some hydrogel surfaces 
including PVA hydrogel, appears to activate platelets (Gorbet and Sefton 2004). In 
addition, PVA hydrogel exhibits a high degree of swelling in water or biological fluids, 
and a rubbery and elastic nature. Because of these properties, PVA is capable of 
simulating natural tissue and has found numerous applications in tissue engineering 
(Shih and Lai 1993; Hyon et al. 1994; Burczak et al. 1996; Zheng-Qiu et al. 1998; 
Hassan and Peppas 2000; Wan et al. 2002; Jiang et al. 2004) as well as in drug delivery 
(Lee and Mooney 2001). However, to date, very few methods have been developed for 
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PVA hydrogel formation on substrate surfaces. Sefton prepared PVA-heparin coated 
polyether-polyurethanes by glow discharge cleaning and concentrated hydrochloric 
acid washing and PVA-heparin coated polyethylene by glow discharge cleaning and 
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Figure 4.1 (a) Chemical formula of PVA, (b) crosslinking of PVA, and (c) 
chemical formula of PET. 
 
In the present work, a new technique was developed to covalently immobilize a layer 
of PVA hydrogel onto surfaces of substrates. In the first instance, poly(ethylene 
terephthalate) (PET) film (Figure 4.1c) was chosen as the polymeric substrate to be 
modified because of its excellent physicochemical properties, such as good mechanical 
strength, good stability in the presence of body fluids and high radiation resistance 
making it an excellent candidate in biomaterial applications (Gupta et al. 2002). In fact, 
knitted Dacron, composed of PET, has been most widely used as the prosthetic arterial 
graft for medium and large diameter sites and cardiac valves (Dumitriu 1994). Despite 
its extensive use, the available PET film remains unsatisfactory especially in terms of 
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biocompatibility and needs modification. The present technique is a versatile technique 
to hydrophilize hydrophobic solids, provide water swellable matrix and introduce 
alcohol functionality to surfaces for potential application. Heparin can then be 
immobilized on the film via two techniques: physical entrapment and covalent 
immobilization.  
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4.1.2 Experimental Section 
4.1.2.1 Materials 
Biaxially oriented PET films of about 50 μm in thickness were purchased from the 
Goodfellow Inc., Cambridge, U.K. The surface of the film was cleaned sequentially 
with ethanol and water for about 15 min each in an ultrasonic water bath. PVA (87% 
hydrolyzed; MW 125,000) was purchased from BDH Chemicals Ltd (England). 
Methoxypoly(ethylene glycol) with a molecular weight of about 300 (mPEG300) was 
purchased from Aldrich. Acetic anhydride (Ac2O) was from Merck. The other solvents 
and reagents were of analytical grade and were used without further purification. 
4.1.2.2 Surface Binding of Poly(ethylene terephthalate) Film with Poly(vinyl 
alcohol) Hydrogel 
The surface modification of the PET film with PVA basically consists of three steps, as 
indicated in Figure 4.2. These steps are described in detail below. 
(a) Surface Graft Copolymerization with PEGMA: the PET-OH Surface (Figure 4.2a) 
The PET film was cut into strips of about 2 × 3.5 cm2 in size and subjected to argon 
plasma treatment for 30 s at a plasma power of 35 W and an argon pressure of 
approximately 80 Pa in an Anatech SP100 plasma system. The plasma treated film was 
then exposed to air for 8-10 min to effect the formation of peroxide groups. A mixture 
of PEGMA and ethyleneglycol dimethacrylate (EGDMA) in a volume ratio of 100 : 1 
was introduced onto the plasma-pretreated PET film and the film was sandwiched 
between two quartz plates and put into a Pyrex® tube which was degassed with dry 
nitrogen for about 1 min. The tube was tightly stoppered and sealed with silicon rubber 
stoppers and then exposed to UV irradiation for 60 min at 28ºC. The surface grafted 
films were then removed and washed in large amounts of doubly distilled water at 
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45ºC with stirring for 24 h to remove the residual monomer and loosely attached 
homopolymer. The PEGMA graft-copolymerized films were dried under reduced 









































































Figure 4.2 Surface immobilization of PET with PVA: (a) graft copolymerization of 
PEGMA on plasma pretreated PET, (b) oxidation of PET-OH and (c) PVA hydrogel 
immobilization on PET-CHO. 
 
(b) Preparation of the Aldehyde Derivatized PET-OH Surface: the PET-CHO Surface 
(Figure 4.2b) 
The introduction of aldehyde groups at the PEGMA chain ends was achieved by 
oxidation of the terminal hydroxyl groups with the mixture of Ac2O and dimethyl 
sulfoxide (DMSO) (Harris et al. 1984; Wang et al. 2001b). The PET-OH film was 
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immersed in 10 ml of DMSO in a conical flask, containing about 0.5 mmol of dry 
mPEG300. 0.01 mol of Ac2O was added to the mixture to achieve a final Ac2O : OH 
mole ratio of around 20 : 1. The reaction was allowed to proceed for about 8 h at room 
temperature. The film was then washed thoroughly with dichloromethane before being 
dried under reduced pressure. 
Labeling of the aldehyde groups on the PET-CHO film was achieved by immersing the 
film in 10 ml of ethanol containing 1 ml of freshly distilled aniline for 24 h at room 
temperature (Morrison and Boyd 1988; Wang et al. 2001b). After washing with 
copious amounts of ethanol, the film was dried under reduced pressure for XPS 
characterization. 
(c) Immobilization of PVA onto PET-CHO film: the PET-PVA Surface (Figure 4.2c) 
The aldehyde groups introduced on the PET surface can react with the hydroxyl groups 
of PVA hydrogel (Llanos and Sefton 1991; Ruiz et al. 2002) thus resulting covalent 
immobilization of PVA on PET surface. A PVA stock solution was prepared by adding 
10 g of PVA to 90 ml of doubly distilled water. The solution was stirred overnight at 
80ºC and a homogeneous solution of 10% (w/v) polymer in water was then obtained. 
Subsequently, the viscous PVA solution was stored at room temperature. 0.2 ml of 
formaldehyde (FA, 37 wt%) used as crosslinking reagent, was added to 5 ml of the 
stock solution, and the crosslinking reaction was initiated by the addition of 0.25 ml of 
HCl (37 wt%). The mixture was stirred for 36 h at room temperature. For degassing of 
the air trapped during the stirring process, the solution was then stored at room 
temperature for 1 h. Finally, the degassed solution was cast on the PET-CHO film and 
subjected to further crosslinking via thermal means at 50ºC for 8 h. The substrate was 
then washed with copious amounts of distilled water and dried under vacuum. The 
substrate was finally stored in dry box.  
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4.1.2.3 Immobilization of Heparin on the Poly(ethylene terephthalate)-Poly(vinyl 
alcohol) Substrate 
Two techniques were utilized to immobilize heparin on the PVA coated PET film 
(PET-PVA). 
(a) Physical Entrapment of Heparin on the PET-PVA film: pPET-Hep Film 
For the preparation of the substrate with physically incorporated heparin (pPET-Hep), 
0.2 ml of formaldehyde (37 wt%) and 0.25 ml of HCl (37 wt%) was added to 5 ml of 
10% PVA stock solution, and the mixture was stirred for 36 h at room temperature. 26 
mg of heparin dissolved in 0.2 ml of distilled water was then added to achieve a final 
concentration of about 0.5% (w/v). The mixture was stirred for another 2 h and 
degassed for 1 h before being cast on the PET-CHO film and heat treated as mentioned 
above to achieve thermal-crosslinking and covalent binding of the PVA onto the PET-
CHO film. The films were then washed with copious amounts of distilled water under 
stirring for about 30 min and dried under reduced pressure. 
(b) Covalent Immobilization of Heparin on the PET-PVA Film: cPET-Hep Film 
Heparin was covalently immobilized onto the PET-PVA film via reaction with chlorine 
groups introduced on the PET-PVA surface (Figure 4.3). The chlorination of the PVA 
was accomplished by treatment with thionyl chloride (Zalipsky et al. 1983; Wang et al. 
2001b). Typically, a PET-PVA film of 2 × 3.5 cm2 in size was immersed in 10 ml of 
CCl4, containing 2.5 mmol of dry pyridine, in a round-bottom flask. About 0.5 mmol 
of mPEG was added to the mixture. About 2.5 mmol of thionyl chloride dissolved in 5 
ml of CCl4, was added dropwise over a period of 1 h to achieve a final molar ratio of 
thionyl chloride to OH functional groups of about 5 : 1. The reaction mixture was 
refluxed and stirred at 40ºC for 6 h. After removal from the reaction mixture, the PET 
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film was washed sequentially with large amounts of acetone and doubly distilled water 
prior to drying under reduced pressure. The so-prepared PET film will be denoted as 
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Figure 4.3 Covalent immobilization of heparin on PET-PVA. 
 
Heparin was immobilized onto PET-PVACl using the procedure described in Section 
3.1.2.3. Heparin was dissolved in formamide to a certain concentration, followed by 
the addition of the PET-PVACl film. The solution was kept at room temperature for 3 
days under stirring. During this period, heparin was covalently bound to the PET-
PVACl film through the coupling reaction between the amine groups of heparin (Park 
et al. 1988; Liu et al. 1991; Dumitriu 1994) and the chlorine groups on the PET-PVACl 
film. The film was then removed and washed thoroughly with water to remove the 
solvent and unreacted heparin. All films were rinsed with distilled water until no 
heparin could be detected in the wash solution by the TBD method (Kang et al. 1996). 
The PET film samples after this treatment are denoted as cPET-Hep. 
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4.1.2.4 Surface Characterization 
XPS, SEM, AFM and water contact angle analyses of the film surface were carried out 
as described in Section 3.1.2.5. Attenuated total reflectance (ATR) FT-IR spectra of the 
surface modified PET were obtained from a Bio-Rad FTS 135 FT-IR 
spectrophotometer using a ZnSe prism with an incident angle of 45°. Each spectrum 
was collected by accumulating 128 scans at a resolution of 8 cm-1. 
4.1.2.5 Swellability 
The swelling behavior of the hydrogel is dependent on the extent of crosslinking which 
is in turn governed by the HCl and formaldehyde concentration in the reaction mixture. 
The water content of the hydrogel was used as an indication of the extent of 
crosslinking. The dry weights of PET-CHO (a) and PET-PVA (b) were obtained after 
drying the films under vacuum. The wet weights of PET-CHO (c) and PET-PVA (d) 
were obtained after immersing the films in distilled water at 25ºC for 24 h and removal 
of excessive water on the surface of the films using filter paper. The water contents 
were then calculated using the relationship (Evangelista and Sefton 1986):  
 Water content (%) = 100)()( ×−
−−−
cd
acbd  (4.1) 
It should be noted that the PET-CHO film does not take up significant amounts of 
water, i.e. (c-a) is close to zero. 
4.1.2.6 In vitro Blood Compatibility Assay 
Platelet adhesion and PRT tests were performed on various modified PET films 
according to the procedures described in Section 3.1.2.6. 
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4.1.3 Results and Discussion 
4.1.3.1 Surface Binding of Poly(ethylene terephthalate) with Poly(vinyl alcohol) 
Hydrogel 
(a) Surface Functionalization of the PET Film 
The success of the surface functionalization of the PET film with PEGMA and 
subsequent introduction of aldehyde groups as depicted in Figure 4.2 is verified using 
ATR FT-IR spectroscopy. Figure 4.4 shows the ATR FT-IR spectra of the (a) pristine 
PET film, (b) PET-OH and (c) PET-CHO respectively. The pristine PET film exhibits 
its characteristic absorption band at 1410 cm-1 (Figure 4.4a) assigned to the 1,4-
disubstituted phenyl group (Uchida et al. 1994). The ATR FT-IR spectrum of the PET-
OH film reveals the presence of three major adsorption bands at 1726 cm-1, 1100 cm-1 
and 2874 cm-1 attributed to the stretching of the ester carbonyl group, the C-O-C group 
and the methylene group respectively (Figure 4.4b). The PEGMA graft concentration 
can be reflected by the ratio of integrated area of the absorption band at 2874 cm-1 
attributed to the graft copolymerized PEGMA to that of the absorption band at 1410 
cm-1 attributed to the PET substrate. As shown in Figure 4.4b, no absorption band can 
be detected at 1410 cm-1 indicating that the PEGMA copolymer has covered the PET 
surface. It is difficult to detect the CHO groups from the FT-IR spectrum since the 
absorption band at 1726 cm-1 due to the stretching of CHO group is obscured by the 
absorption band of the ester carbonyl group from the graft copolymerized PEGMA 
(Figure 4.4c). However, an indirect evidence for the presence of CHO group can be 
obtained by comparing the integrated absorption band area ratios of the carbonyl group 
to the C-O-C group (or A1726/A1100) for the PET-OH and the PET-CHO surfaces. This 
area ratio is 0.17 and 0.27 respectively in Figure 4.4b and c indicating the contribution 
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Figure 4.4 ATR FT-IR spectra of the (a) pristine PET, (b) PET-OH and 
(c) PET-CHO. 
 
The PET film after each functionalization step was further characterized using XPS. 
The wide-scan spectra of the PET, PET-OH and N labeled PET-CHO film surfaces are 
shown in Figure 4.5. Two peaks corresponding to C 1s (binding energy 285 eV) and O 
1s (binding energy 532 eV) were present in all spectra. Surface elemental 
concentrations of the various PET films obtained from the peak-area ratios, after 
correcting with the experimentally determined sensitivity factors, were summarized in 
Table 4.1. The carbon and oxygen atomic concentrations of PET calculated from the 
XPS analysis (Table 4.1) are very close to the theoretical values of 71.4% and 28.6%, 































Figure 4.5 XPS wide-scan spectra of (a) pristine 
PET film, (b) PET-OH, and (c) PET-CHO after 
labeling with aniline in ethanol for 24 h. 
 
grafting (67.2 %), which is due to the lower carbon content of PEGMA itself. In fact, 
the carbon to oxygen ratio (C/O) on the prepared PET-OH film was about 2.05 which 
is nearly the same as the C/O ratio (2.0) of pure PEGMA. The success of PEGMA 
grafting on PET film was also indicated by the increased hydrophilicity of the film 
(water contact angles of the surface before and after grafting were 75° and 35°, 
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respectively). The aldehyde groups on the PET film introduced by oxidation of the 
hydroxyl groups of PET-OH film (Figure 4.2b) were labeled with N by reaction with 
aniline. It is reported that aldehyde groups can readily react with –NH2 groups to form 
stable imines (=N-) (Morrison and Boyd 1988). Compared with PET-OH, the increase 
in the carbon content (70.8%) of the N labeled PET-CHO is attributed to the higher 
carbon content in aniline. The N 1s core-level signal at about 400 eV can be seen in 
Figure 4.5c. The N 1s core-level spectrum of the film (figure not shown) consists of 
only one peak component at 398.2 eV attributed to the –N= groups. This further 
confirms the successful introduction of aldehyde groups on the PET-OH film, and the 
N content on the N labeled PET-CHO can be used to determine the extent of 
conversion of the hydroxyl groups to the CHO groups. 
Table 4.1 XPS-derived surface elemental compositions of pristine and surface 
modified PET films 
Atomic concentrations (%) Samples 
C O N 
Pristine PET 71.8 28.2 0.0 
PET-OH 67.2 32.8 0.0 
PET-CHO* 70.8 28.0 1.2 
* The PET-CHO film surface was labeled with N by reaction with aniline.  
 
(b) PVA Hydrogel Immobilization on PET-CHO: PET-PVA 
Using the present technique, a layer of PVA hydrogel can be immobilized onto the PET 
film. A SEM micrograph of the cross-section of a PVA immobilized PET film (PET-
PVA) is shown in Figure 4.6. As can be seen in this micrograph, the PVA hydrogel 
layer was closely attached to the surface of the PET film. The binding strength 
between these two films was also tested by attempting to peel off the PVA layer from 
the preswelled PET-PVA film (in distilled water) using fine tweezers. The test confirms 
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that it was not possible to peel off the PVA layer. In contrast, the PVA layer cast on 
pristine PET, plasma pretreated PET, PET-OH, can be quite easily peeled off.  
 
 
Figure 4.6 SEM image of the cross-section of PET-PVA. 
 
Since the roughness of a surface that contacts the blood may produce turbulence in the 
bloodstream which in turn induces hemolysis and platelet activation and aggregation, it 
is claimed that the ideal surface used for blood contacting should be perfectly smooth 
(Dumitriu 1994). Biomaterials, for example vascular prosthesis, must have a smooth 
inner surface that corresponds to the endothelial covering of natural blood vessel 
(Dumitriu 1994). In the present work, the surface roughness of the pristine and surface 
modified PET films was studied by AFM. Figure 4.7a shows the surface morphology 
of the pristine PET film with surface roughness of about 0.7 nm. For the PET surface 
pretreated with Ar plasma for 30 s and subsequently graft copolymerized with PEGMA 
for 1 h, the surface roughness increased to about 65 nm (image not shown). However, 
after PVA hydrogel immobilization, the surface became quite smooth and the 
roughness decreased to about 0.3 nm (Figure 4.7b). In addition, the rubbery nature of 




et al. 1992). In this aspect, the PET-PVA film matches the mechanical compliance of 
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Figure 4.7 AFM images of (a) pristine PET, and (b) PET-PVA. 
 
Some other properties of the prepared PET-PVA film were compared with the pristine 
PET and PET-OH and are summarized in Table 4.2. The average thickness of the PVA 
layer was estimated from the SEM image to be approximately 22 μm. The amount of 
immobilized PVA on the PET film was determined gravimetrically to be about 3.5 
mg/cm2 (using an electronic balance having an accuracy of ± 0.01 mg). The 
swellability of the hydrogel was determined from its water content to be about 67%. 
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The static water contact angle of the hydrogel was about 45° which was much lower 
than that of pristine PET (75°) (Table 4.2). 














Pristine PET N/A 7.0 N/A 75 ± 2 
PET-OH N/A ~7.4 N/A 35 ± 2 
PET-PVAc ~22a ~10.5 ~67 45 ± 2 
a The thickness is estimated from the SEM image of the film’s cross-section. 
b Determined gravimetrically using an electronic balance having an accuracy of ±0.01 
mg. 
c 0.25 ml of HCl (37 wt%) and 0.2 ml of formaldehyde (37 wt%) were added into 5 ml 
of 10% (w/v) PVA solution and stirred for 36 h before being cast on PET-CHO. 
 
4.1.3.2 Heparin Immobilization on Poly(ethylene terephthalate)-Poly(vinyl 
alcohol)  
(a) Physically Entrapped Heparin 
The entrapment method is based on the incorporation of the biomolecules within a 
constraining hydrogel with a tight enough structure to prevent the species from 
diffusing rapidly into the surrounding medium. The advantages of entrapment over 
other methods are: it is a simple process and many types of biomolecules can be 
immobilized in this way; entrapment usually does not cause any change in molecular 
structure of the immobilized species; and high level of activity may be retained. In the 
present work, the PVA hydrogel can serve as the matrix for biomolecules 
immobilization. The amount of heparin entrapped in the as-synthesized pPET-Hep film 
after thorough rinsing with doubly distilled water was estimated to be about 120 
μg/cm2 by subtracting the amount of heparin released in the washing solution (using 
TBD method) from the initial amount incorporated in the hydrogel. XPS analysis of 
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the pPET-Hep surface showed a small amount of sulfur attributable to the heparin 
which is absent from the PET-PVA surface. The amount of entrapped heparin can be 
easily varied by changing the water content of the hydrogel (which is dependent on the 
amount of HCl and formaldehyde used and the heat treatment) and the initial 
concentration of heparin in the hydrogel solution. Despite the many advantages of 
entrapment for the immobilization of biomolecules, the biomolecules usually desorb 
from the substrate during use and the substrate loses bioactivity quickly. However, this 
will not be an issue with covalent immobilization. 
(b) Covalently Immobilized Heparin 
Heparin was covalently immobilized onto PET-PVACl via the reaction of the amine 
groups of heparin with the chlorine groups introduced on the PET-PVA (Marconi et al. 
1997). As shown in Figure 4.8a, the prepared PVA hydrogel immobilized PET film 
(PET-PVA) showed two main peak components at 284.6 eV and 286.2 eV with nearly 
the same intensity, attributed to the C-C or C-H and C-O species of the PVA polymer 
respectively. A peak at about 288.6 eV was expected due to the carboxylate groups of 
unhydrolyzed acetate in the fresh PVA polymer (C-OH : COO- = 0.87 : 0.13). 
However, in Figure 4.8a, this peak component at 288.6 eV was indiscernible, which 
may be due to the hydrolysis of carboxylate groups during the hydrogel formation 
process under the effect of the acidic catalyst used for crosslinking. Another peak at 
287.4 eV, attributed to the O-C-O group which was absent in the fresh PVA polymer 
but was produced during the crosslinking process of PVA using formaldehyde (refer to 
crosslinked PVA structure in Figure 4.1b), was also present in Figure 4.8a. 
After thionyl chloride activation, the C 1s core-level spectrum of the PET-PVA film 
(Figure 4.8c) was not significantly different from the film before activation. However, 
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Figure 4.8 XPS C 1s and Cl 2p core-level spectra of (a) and (b) PET-PVA, (c) and 
(d) PET-PVACl, (e) and (f) C 1s and S 2p core-level spectra of cPET-Hep. 
 
the presence of chlorine on the PET-PVA film after thionyl chloride activation is 
obvious from a comparison of Cl 2p core-level spectra in Figure 4.8d and b. In Figure 
4.8d, the Cl 2p core-level spectrum can be deconvoluted into a spin-orbit split doublet 
with the binding energies at 200.2 and 201.7 eV for the Cl 2p3/2 and Cl 2p1/2 peak 
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components respectively attributable to -Cl introduced through thionyl chloride 
activation of the hydroxyl groups on PET-PVA. Figure 4.8e and f show the C 1s and S 
2p core-level spectra of cPET-Hep respectively. In Figure 4.8e, the peak area ratio of 
the C-O to C-C or C-H components was much higher than that in Figure 4.8c, which is 
consistent with the molecular structure of heparin. In addition, the S 2p core-level 
spectrum of the film showed a peak centered at 168 eV, attributed to the –SO3- groups 
of the immobilized heparin. The amount of heparin covalently immobilized on the PET 
film was quantified to be about 8 μg/cm2 using the TBD method. The immobilized 
heparin concentration can be controlled by changing the chlorination level or the initial 
heparin concentration in the reaction solution. In the present work, the latter was 
utilized. When the heparin concentration increased from 5 mg/ml to 10 mg/ml, the 
amount of immobilized heparin increased from 8 μg/cm2 to 12.2 μg/cm2. 
4.1.3.3 In vitro Blood Compatibility Assay 
In vitro blood compatibility assay was performed to determine the bioactivity of the 
various surface modified PET films. Figure 4.9 shows the SEM results from the in 
vitro platelet adhesion tests on glass, pristine PET and the various surface modified 
PET films. As shown in Figure 4.9a and b, the surfaces of glass and pristine PET film 
were well covered with platelets. The detailed morphology of the adhered platelets on 
glass and pristine PET can be seen from the magnified images: the platelets appeared 
highly activated with aggregation, pseudopodia and have spread widely. However, 
after surface functionalization and subsequent PVA hydrogel immobilization on PET 
film, i.e. the PET-PVA film, the number of adhered platelets has significantly 
decreased (Figure 4.9c) and more importantly the activation of the platelets was 





(b) pristine PET (c) PET-PVA 
 
(d) pPET-Hep (e) cPET-Hep 
 
Figure 4.9 SEM images of adhered platelets on (a) glass, (b) pristine PET, (c) PET-
PVA, (d) pPET-Hep, and (e) cPET-Hep (with 8 μg/cm2 of immobilized heparin). 
 
hydrogel’s hydrophilicity, high water content and low interfacial tension between the 
hydrogel surface and the surrounding fluids which result in substantial resistance to 
protein adsorption (Kim et al. 1992). Platelet adhesion usually will not occur to a 
significant extent if blood protein cannot be adsorbed onto the surface. In the presence 
of heparin, either physically entrapped (pPET-Hep film) or covalently immobilized 
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(cPET-Hep film), the platelet adhesion and activation were further inhibited (Figure 
4.9d and e), with the cPET-Hep film (with 8 μg/cm2 of immobilized heparin) having a 
higher effectiveness in inhibiting platelet adhesion. A quantitative comparison of the 
extent of platelet adhesion on the various substrates was carried out by counting the 
total number of adhered platelets from representative micrographs at the same 
magnification (× 2500) (Chandy and Sharma 1991; Tsai et al. 2001). The results 
obtained from the PET-PVA, pPET-Hep and cPET-Hep films were normalized by that 
from glass and are shown in Figure 4.10. The count for the pristine PET substrate 
could not be accurately carried out due to the extensive platelet adhesion and spread. 






























Figure 4.10 Platelet adhesion on different substrates relative to 
that on glass (which served as the control). 
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Figure 4.11 shows the results from the in vitro blood clotting tests on glass, pristine 
PET and the various surface modified PET films. As shown in Figure 4.11, the PRT 
obtained on glass was about 200 s which compares well with the value reported earlier 
(Brinkman et al. 1991; Kim et al. 2000). The PRT on pristine PET was about 320 s. 
After PVA immobilization, the PRT increased to 465 s. This increase is again attributed 
to the high hydrophilicity of PVA hydrogel which results in low plasma protein 
adsorption and subsequent low fibrin formation. For the PET-PVA film with physically 
entrapped heparin (pPET-Hep), after thorough rinsing with distilled water to remove 
the residue crosslinker and acidic catalyst, significantly prolonged blood clotting time 
was obtained (938 s), which is attributed to the heparinized surface as well as the 
release of heparin into blood clotting medium. In vitro studies indicated that 
immobilized heparin improves the blood-compatibility of PVA by suppressing fibrin 
formation (Llanos and Sefton 1992). A higher level of increase in blood clotting time 
was obtained on the cPET-Hep film (with 8 μg/cm2 of immobilized heparin) which is 
doubled the value obtained using the technique described in Section 3.1.3.7. This 
indicates that the anticoagulant activity of the heparin molecules is maintained after 
surface immobilization on PET. However, considering the difference in the 
immobilized heparin concentration in the present work, 8 μg/cm2, versus the 
corresponding value of 1 μg/cm2 in the previous work where heparin is linked to 
PEGMA functionalized PPY film via CC activation (Section 3.1.3.7), the bioactivity of 
the heparin molecules on the cPET-Hep can be considered to be lower. This is likely to 
be due to the absence of a spacer on the PET-PVA substrate and the possibility of 
multipoint attachment of heparin during immobilization. 
A comparison of the effectiveness of the pPET-Hep and cPET-Hep films after 
immersion in distilled water for 7 days (water was changed daily) was carried out. The 
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PRT on the former decreased to about 520 s while the PRT on the latter showed only a 
slight decrease (as shown by the pPET-Hep* and cPET-Hep* in Figure 4.11). Thus, 
some of the entrapped heparin in the pPET-Hep film has been lost into the medium 
during the immersion process while the covalently immobilized heparin remains more 






















































Figure 4.11 PRT on glass and various surface modified PET films. 
The films indicated with “*” are those which have been immersed in 
distilled water for 7 days. 
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4.1.4 Conclusion 
A PVA hydrogel layer with a thickness of about 20 μm can be covalently bonded onto 
surface functionalized PET film. The as-obtained PET-PVA film retained the 
smoothness of the pristine PET film, while the biocompatibility of the film was 
significantly improved. The PVA layer can serve as a matrix for physical incorporation 
of various amounts of heparin. The entrapped heparin molecules can diffuse out since 
the immobilized PVA layer is water swellable. The swellability can be readily varied 
by controlling factors like the concentration of the crosslinking agent (formaldehyde), 
the concentration of the catalytic acid (HCl), the crosslinking period and the heat-
treatment temperature. The PVA layer also provides hydroxyl groups for the covalent 
immobilization of heparin. Both techniques for the immobilization of heparin proved 
to be effective in further enhancing the biocompatibility of the film as indicated by the 
significantly prolonged PRT and very low platelet adhesion. The stability of the 
covalently bonded heparin molecules can provide long-term effectiveness and the 
synthesized PET-PVA or PET-Hep substrates may have potential application in tissue 
engineering. 
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4.2 Controlled Release of Heparin from Polypyrrole-Poly(vinyl 
alcohol) Assembly by Electrical Stimulation 
4.2.1 Introduction 
As mentioned in Section 3.1.1, heparin has been widely used as an anticoagulant 
(Courtney et al. 1993; Rabenstein 2002). In addition, heparin may diminish 
myointimal proliferation after endothelial injury by preventing platelet aggregation or 
by a direct inhibition of smooth muscle cell proliferation (Teomim et al. 1999). 
However, the mode of heparin delivery is critical to its potential. When ingested orally, 
heparin is degraded to inactive oligomer fragments while systemic administration is 
complicated by the need for continuous infusion and the potential for uncontrolled 
hemorrhage. A general advantage of implanted controlled-release systems over 
systemic therapies is the potential for delivery of high local levels of heparin with 
lowered systemic exposure and toxicity (Okada et al. 1989; Bonina and Montenegro 
1994; Kwon et al. 1994; Gutowska et al. 1995; Teomim et al. 1999; Edelman et al. 
2000). Some researchers have synthesized PPY-heparin composite which was used as a 
substrate for endothelial cell growth (Hepel et al. 1997; Garner et al. 1999a). The 
amount of heparin exposed in this composite can be controlled by applying an electric 
field. However, no heparin can be released due to the compact structure. Hydrogel, in 
contrast, can be used for sustained release of a drug due to its high degree of swelling 
and many other properties (Peppas 1986; Nakayama et al. 1999; Peppas et al. 2000). 
In the present work, the technique of PVA immobilization on PET film (Section 4.1.2.2) 
was applied for PVA-heparin immobilization onto PPY film. As an electrically 
conductive polymer, PPY can be used to localize the electromagnetic stimulation 
which has been shown, both in vitro and in vivo, to play an important role in neurite 
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extension and regeneration of transected nerve ends (Sisken et al. 1989; Kerns et al. 
1991). It has also been reported that electrical stimulation through the PPY film can 
enhance the neurite outgrowth (Schmidt et al. 1997). In the present work, the release 
behavior of heparin from PPY-PVA-heparin under the passage of a constant electrical 
current was studied, which is expected to be different from that of natural release 
driven by diffusion under a concentration gradient. 
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4.2.2 Experimental Section 
4.2.2.1 Electrochemical Synthesis of Polypyrrole Film 
The detailed procedure of this method was described in Section 3.1.2.2. 
4.2.2.2 Surface Binding of Polypyrrole Film with Poly(vinyl alcohol)-heparin 
The process of modifying the PPY film surface with PVA-heparin (Figure 4.12) is the 
basically same as that of modifying PET with PVA (Figure 4.2) except that EGDMA 
was not used in the surface graft copolymerization with PEGMA. EGDMA was not 
necessary since PEGMA readily undergoes graft copolymerization with the PPY 
surface. In addition, different amounts of 37 wt% HCl and 37 wt% formaldehyde were 
added into 5 ml of the PVA stock solution to assess their effects on the extent of 




























 PPY-CHO  PPY-PVA-heparin
(b) Immobilization of PVA-heparin on the surface modified PPY film
heparinMixture of:
PEGMA, 28oC, 60 min 25oC, 8 h




(a) Surface modification of PPY film to introduce aldehyde
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room temperature. For the preparation of the heparin incorporated substrate (PPY-
PVA-heparin), the heparin sodium salt in 0.5 ml of distilled water was added into the 
above mixture to achieve a final concentration of 0.5% (w/v) and the mixture was 
stirred for another 2 h. The solution was then stored at room temperature for 1 h to 
allow for the degassing of the air trapped during the stirring process. Finally, the 
degassed solution was cast on the PPY-CHO film (the PPY film with aldehyde group 
on its surface as indicated in Figure 4.12a) with 3 mm margin left on the two ends and 
subjected to further crosslinking via thermal means at 45ºC for 6 h. The substrate was 
then stored in a dry box before being subjected to further characterization. The water 
content of the PPY-PVA-heparin film was measured using the same procedure as that 
in Section 4.1.2.5. 
4.2.2.3 Heparin Release 
To investigate the release behavior of heparin from PPY-PVA-heparin with and without 
electrical stimulation, the PPY-PVA-heparin was firstly equilibrated in air (relative 
humidity = 60%) for about 3 h. The release experiment was carried out at room 
temperature with distilled water as the release medium under gentle stirring to 
facilitate the mixing of the released heparin with the release medium. The middle 
portion of the PPY-PVA-heparin film (1.0 × 2.5 cm2) (with the PVA layer facing 
downwards) was immersed into 4.5 ml of distilled water in a 12-cell plate. The water 
in the cell was replaced with distilled water thrice (4.5 ml each time) in the first 5 min. 
Then, 4.5 ml of distilled water was added to the cell and the release of heparin was 
monitored. 3.0 ml aliquots were sampled periodically from the release medium. After 
each sampling, 3.0 ml of fresh distilled water was added immediately to replace the 
volume removed. For release under electrical stimulation, electrical leads were directly 
attached to opposite ends of the PPY-PVA-heparin films with electrically conductive 
  130
copper tape. A constant DC current of 1.0 mA supplied by a Hewlett Packard 6212B 
power supply was passed through the films. In other tests, pulses of electric current 
ranging from 0 to 3.5 mA were applied and the heparin release was monitored for 120 
min by sampling the release medium at each switch over. Each release experiment was 
carried out at least three times and a mean value calculated. The variation from the 
mean value was typically less than ±10%. 
The concentration of heparin released into the medium was analyzed using the TBD 
method (Section 3.1.2.4). To determine the concentration of heparin in the surface 
region of the hydrogel, the TBD solution (3 ml) was mixed with 2 ml of water and the 
PPY-PVA-heparin film was immersed in the solution for 15 min. Then, 3 ml of n-
hexane was added and the mixture was shaken well. After the removal of the film, the 
aqueous layer was sampled and its absorbance at 631 nm was measured. The amount 
of heparin was then calculated using the previously established calibration curve. 
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4.2.3 Results and Discussion 
4.2.3.1 Immobilization of Poly(vinyl alcohol)-heparin on Polypyrrole Film 
(a) Surface Graft Copolymerization with PEGMA (PPY-OH) and Subsequent 
Oxidation of the Hydroxyl End Groups to Aldehyde Groups (PPY-CHO) 
The PPY film after each functionalization step was characterized using XPS. The 
wide-scan spectra of the pristine PPY, and PPY-OH film surfaces are shown in Figure 
4.13a and b respectively. The surface elemental concentrations of the various PPY 
films obtained from the peak-area ratios, after correcting with the experimentally 
determined sensitivity factors, are summarized in Table 4.3. The elemental 
concentration of pristine PPY is consistent with that reported earlier (Zhang et al. 
1996). After PEGMA graft copolymerization on PPY, the oxygen concentration (32.2%) 
doubled, which is attributed to the high oxygen content in PEGMA. The C 1s core-
  
Table 4.3 XPS-derived surface elemental compositions of pristine and surface 
modified PPY films 
Atomic concentrations (%)a 
Samples 
C O N 
Pristine PPY 73.9 16.0 10.1 
PPY-OH 67.8 32.2 0.0 
PPY-CHOb 71.0 27.7 1.3 
a These values are calculated based on C, O and N content only. 
b The PPY-CHO film surface was labeled with N by reaction with aniline in ethanol for 
24 h. 
 
level spectrum of the PPY-OH film showed a sharp increase in the intensity of the peak 
at 286.2 eV (C-O), and a new peak at about 288.6 eV attributed to the ester group of 
PEGMA was also observed (figure not shown). At the same time, the absence of the 
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nitrogen peak component in the wide-scan spectrum of PPY-OH (Figure 4.13b) 
indicates that the film was covered by the PEGMA copolymer to a depth greater than 































Figure 4.13 XPS wide-scan spectra of (a) pristine 
PPY film, (b) PPY-OH, and (c) PPY-CHO after 
labeling with aniline in pure ethanol for 24 h. 
 
The wide-scan spectrum of the PPY-OH film after derivatization with aldehyde and 
subsequently labeled with aniline in ethanol (for the XPS analysis) is shown in Figure 
4.13c. As shown in this Figure, a new peak component at about 400 eV is observed 
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which is attributed to the N introduced by the reaction of the aldehyde groups (-CHO) 
from the film and the amine groups from aniline forming stable imines (Morrison and 
Boyd 1988). On the contrary, there was no detectable N 1s peak component in the 
wide-scan spectrum of PPY-OH after immersion in aniline solution for 24 h. At the 
same time, in comparison with the carbon concentration of PPY-OH (67.8%), the 
increase in carbon concentration of N labeled PPY-CHO (71.0%) attributed to the 
higher carbon content in aniline further confirms that aldehyde groups have been 
successfully introduced on PPY-OH film. The conversion of the hydroxyl groups to 
CHO groups can be deduced from the N content in the N labeled PPY-CHO film and 
the value was calculated to be about 35%. 
(b) PVA-heparin Immobilized PPY-CHO Surface: PPY-PVA-heparin 
The appearance of the S 2p core-level signal (168 eV) in the wide-scan spectrum of 
PPY-PVA-heparin and not in that of PPY film immobilized with PVA hydrogel 
confirms that heparin was immobilized in the former. Previous investigations on the 
formation of hydrogels from PVA in the presence of glutaraldehyde and heparin show 
that networks with physically trapped and/or covalently bound heparin can be achieved 
(Brinkman et al. 1991). It has been proposed that heparin can be covalently bound as a 
result of the formation of hemiacetal bonds through the reaction of glutaraldehyde and 
the hydroxyl groups of heparin. However, Sefton pointed out that the hydroxyl groups 
of heparin are not very reactive towards glutaraldehyde (Goosen and Sefton 1983). We 
have also tested the use of glutaraldehyde as a crosslinking agent, but since the 
crosslinking reaction is too rapid, the binding of the hydrogel to the PPY-CHO 
substrate is not easily accomplished. Hence, formaldehyde was used instead in the 
present work. In this case, we would expect that most of the heparin is physically 
entrapped in the PVA-heparin hydrogel.  
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The binding strength between the PVA-heparin layer and the underlying PPY-CHO 
substrate was evaluated qualitatively by attempting to peel off the hydrogel layer with 
a pair of fine tweezers. It was not possible to peel the PVA-heparin layer off the PPY-
PVA-heparin films after immersion in distilled water for 10 to 30 min. In contrast, the 
hydrogel layer formed on PPY-OH without oxidation with the mixture of Ac2O and 
DMSO, could be quite easily peeled off after 30 min immersion in water. These results 
are consistent with the reaction mechanism in Figure 4.12b in which reaction occurs 
between the aldehyde groups of PPY-CHO and the hydroxyl groups of PVA-heparin. 
In the absence of the aldehyde groups on the PPY film surface, crosslinking of the 
hydroxyl groups of PPY-OH with those of the PVA-heparin cannot be easily 
accomplished via the formaldehyde present in the hydrogel layer. The interface 
between the PVA-heparin hydrogel and PPY-CHO was also observed using SEM. 




Figure 4.14 SEM image of the cross- section of PPY-PVA-
heparin after immersion in distilled water for 30 min and 




in distilled water for 30 min followed by drying under reduced pressure. The SEM 
image clearly shows that the PVA-heparin layer merges seamlessly with the PPY-CHO 
substrate. 
4.2.3.2 Swellability 
The swelling behavior of the hydrogel is dependent on the extent of crosslinking which 
is in turn governed by the HCl and formaldehyde concentration in the reaction mixture. 
The water content of the hydrogel was calculated according to Equation 4.1. The effect 
of HCl concentration on the degree of crosslinking in the PPY-PVA-heparin films was 
tested using 0.6% (w/v) formaldehyde and 0.5% (w/v) heparin (normalized by total 
reaction volume) and different amounts of 37 wt% HCl. The PVA concentration in the 
reaction mixture was 8.3% (w/v). As can be seen from Figure 4.15a, increasing the 
concentration of HCl in the reaction mixture decreased the water content in the 
resultant PPY-PVA-heparin substrate. However, at higher HCl concentration, the water 
content became less dependent on the HCl concentration (Figure 4.15a). Therefore, for 
subsequent experiments, 0.25 ml of 37 wt% HCl was used. 
The influence of formaldehyde concentration on the water content of the hydrated 
PPY-PVA-heparin was similarly investigated using 8.3% (w/v) PVA solution 
containing 0.5% (w/v) heparin and 0.25 ml of 37 wt% HCl with different amounts of 
formaldehyde. The water content of the PPY-PVA-heparin also depends on the 
formaldehyde concentration as shown in Figure 4.15b. There was an almost linear 
decrease in water content with increasing formaldehyde concentration. The release of 
heparin from the PPY-PVA-heparin films is dependent on their swellability, as will be 
shown in the next section. 
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 Concentration of FA Added (% w/v)
 
Figure 4.15 Water content of hydrated PPY-PVA-heparin as a 
function of (a) volume of 37 wt% hydrochloric acid added, and (b) 
concentration of formaldehyde added in 5 ml of 10% (w/v) PVA. 
Concentration of heparin is 0.5% (w/v) (normalized by the total 
solution volume used in the crosslinking reaction). 
 
4.2.3.3 Heparin Release 
The bioactivity of the heparin released from the crosslinked PVA matrix was first 
assessed using platelet adhesion and PRT tests. These tests were conducted in a similar 
  137
manner as those described in Section 3.1.2.6. The results indicate that platelet adhesion 
is minimized and the PRT is increased, thus verifying that the released heparin retained 
its anticoagulant property. 
The preparation conditions of three films are summarized in Table 4.4. The release of 
heparin from two PPY-PVA-heparin films, PPY-PVA-heparin48 and PPY-PVA-
heparin70 respectively, with different water contents was studied, and compared in 
Figure 4.16. For both films, the release of heparin was much more rapid in the initial 
stage. For the PPY-PVA-heparin48 film (water content of 48%), the amount released in  
Table 4.4 Experimental conditions used for the preparation of selected samples* 





PPY-PVA-heparin32 0.25 1.23 32 
PPY-PVA-heparin48 0.25 0.93 48 
PPY-PVA-heparin70 0.25 0.62 70 
* HCl and formaldehyde were added into 5 ml of 10% (w/v) PVA solution and stirred 
for 36 h before heparin was added. Concentration of PVA is 8.3% (w/v) and 
concentration of heparin is 0.5% (w/v) (normalized by the total solution volume in the 
crosslinking reaction) 
 
the first 2.5 h was similar to that released over the next 21.5 h, whereas for the PPY-
PVA-heparin70 (water content 70%) film, the amount of released in the first 2.5 h was 
3.6 times that for the subsequent 21.5 h. A possible reason for the decrease in heparin 
release over time is that the heparin released in the initial period is from the portion of 
the hydrogel farthest from the PPY substrate where crosslinking is not expected to be 
as extensive as that at the PVA-PPY interface due to the presence of the aldehyde 
groups on the PPY. Hence, the diffusion of heparin out of the hydrogel would be the 
fastest during the initial period. Furthermore, the difference in heparin concentration 
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between the hydrogel surface and the release medium would also be decreasing over 
time. 






















Figure 4.16 Cumulative amount of heparin released from PPY-PVA-heparin with 
different water contents (the water content of the samples is given in Table 4.4). 
 
Since the amounts of heparin in the two films are similar, the substantially higher 
release rate from PPY-PVA-heparin70 as compared to that of PPY-PVA-heparin48 
must be due to the difference in the rate of swelling and relaxation of the respective 
hydrogel (Brazel and Peppas 1999b). When a polymer is undergoing swelling, the 
outer part of the dry polymer (glassy state) will first imbibe water and become swollen. 
The swollen region increases progressively with time and finally the glassy core 
disappears and the swelling reaches equilibrium (Brazel and Peppas 1999a). In the 
glassy region, water is also present due to pore diffusion through the free volume of 
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the polymer, but this concentration is very low compared with the concentration in the 
swollen region. The concentration of the immobilized heparin decreases between the 
interface (of the swollen and glassy region) and the hydrogel surface and this 
concentration gradient drives the heparin out of the hydrogel naturally by diffusion. 
Hence, the higher release rate and cumulative amount of heparin released from PPY-
PVA-heparin70 compared to the PPY-PVA-heparin48 is attributed to the lower degree 
of crosslinking in the former which results in higher water content and faster swelling. 
Thus, the swellability of the hydrogel plays an important role in controlling the release 
of heparin, and as shown above, this factor can be easily controlled by the 
concentration of HCl or formaldehyde used in the crosslinking reaction. 
Release of heparin from PPY-PVA-heparin with electrical stimulation 
Figure 4.17 shows a comparison of the heparin release behavior of two films, PPY-
PVA-heparin48 and PPY-PVA-heparin32, under the effect of a constant current of 1.0 
mA. For both films, the passage of the electrical current significantly increased the 
heparin release rate. The film with the higher water content still retained the higher 
release rate. For the PPY-PVA-heparin32 film, the amount of heparin released under 
electrical stimulation for 30 min approached that of the PPY-PVA-heparin48 without 
electrical stimulation in the same period. 
An additional experiment was carried out to compare the heparin concentration at the 
surface of the PPY-PVA-heparin32 hydrogel after heparin release for 30 min with and 
without electrical stimulation. The amount of heparin was measured by immersing the 
substrate in toludine blue solution for 15 min before the extraction of the toluidine 
blue-heparin complex with n-hexane. The results showed that the heparin 
concentration in the outer part of PPY-PVA-heparin32 hydrogel after electrical 
stimulation for 30 min was 13.8 µg/cm2 which was nearly three times that without 
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electrical stimulation (5.2 µg/cm2). This further confirms the accelerated release of 
heparin under electrical stimulation. 
















  (PPY-PVA-heparin32 no I)
  (PPY-PVA-heparin32 I)
  (PPY-PVA-heparin48 no I)
  (PPY-PVA-heparin48 I)
 
Figure 4.17 Cumulative amount of heparin released from PPY-PVA-heparin with 
different water contents with and without electrical stimulation (release medium: 
distilled water). The samples with (I) indicate that electrical stimulation with a constant 
current of 1.0 mA was carried out during the release test. 
 
Precise control over the release of drug from devices implanted in the body in terms of 
quantity, timing and place, is highly desirable in order to optimize drug therapy. In the 
present work, the release pattern of heparin from the hydrogel in distilled water at 
room temperature under pulses of constant applied current in the range of 0.2 to 3.5 
mA was investigated. Current in a similar range has been employed to test neurite 
growth in an electric field (Jaffe and Poo 1979). A previous work on heparin release 
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from heparin-poly(allylamine) complex was carried out under a higher current range 0-
20 mA (Kwon et al. 1994).  
Figure 4.18 shows the pulsatile release pattern of heparin from the PPY-PVA-
heparin48 film at three different currents over 120 min. The data in the absence of a 
current was reproduced here (from Figure 4.16) for ease of comparison. When a small 
current (below 1.0 mA) was applied in a pulsatile fashion (current turned off and on 
for 15 min periods during the first 75 min, after which it remained on), the effect of 
current was not significant in the first hour. However, there was an obvious increase in 
heparin released with current beyond this period (where in the absence of current, the 
heparin release rate is very slow). We postulate that this increase is due to the release 
of heparin from the more “inaccessible” region near the PVA-PPY interface. The 
transport of the heparin across the hydrogel requires some time before the effect can be 
manifested by an increase in heparin in the release medium. The pulsatile release 
pattern was best illustrated with 3.5 mA current. For this current, the release rate 
during OFF periods (when the current was not flowing) decreased from 1.09 
µg/cm2/min in the first OFF period to 0.44 µg/cm2/min in the third OFF period. In 
contrast, during the ON periods, the release rate decreased from 1.96 µg/cm2/min in 
the first period to 1.47 µg/cm2/min in the first 15 min of the third period and this rate 
of release remains approximately constant for the next 30 min (Figure 4.18). Hence, a 
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Figure 4.18 Cumulative amount of heparin released from the PPY-PVA-heparin48 
film into distilled water as a function of applied electrical current. The electrical 
current was turned on and off at 15 min intervals for the first 90 min after which it 
remained on. 
 
While the exact mechanism for the change in the release rate of heparin under the 
application of an electrical stimulus is not known, several factors can be considered, 
for example the change in local pH due to water electrolysis (Kim and Lee 1999). 
Several researchers using a three-electrode cell setup have reported that as a result of 
the application of a voltage between the working and counter electrodes (with an 
Ag/AgCl electrode as the reference electrode), ions are produced by electrochemical 
reactions and the movement of these ions toward the counter electrode induced a pH 
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gradient inside the gel matrix (Grimshaw et al. 1989; Sawahata et al. 1990). Another 
possible factor which should be considered is electrophoresis of the charged drug 
(Kwon et al. 1991b; Sershen and West 2002). In our present work, only the middle part 
of the film was immersed into the release medium. This precaution together with the 
uncoated margins at the two ends ensured that the electrodes did not have direct 
contact with the release medium. In addition, PPY is much more conductive (about 6 
orders of magnitude higher conductivity) than either the hydrogel or the release 
medium with and without heparin. Thus, it is likely that any electrical current that was 
supplied in these experiments will pass primarily through the PPY film. In this 
situation, electrochemical reactions are unlikely to occur in the hydrogel or release 
medium and no pH change or electrophoresis will be expected to occur in this system. 
It has been experimentally verified that no pH change of the release medium was 
detected during the experiment. In another experiment, the PPY-PVA-heparin32 film 
after electrical stimulation (using 1.0 mA) for 30 min was cut into three equal size 
pieces perpendicular to the direction of current flow and heparin concentration in the 
surface region of the hydrogel was measured using TBD method. No significant 
difference in the amount of heparin was detected. This indicates that the distribution of 
heparin remained uniform along the direction of current flow and no electrophoresis of 
heparin occurred during the electrical stimulation. 
Another factor which may influence the release behavior of heparin in the present 
system is temperature since the passage of a constant electric current through PPY will 
generate heat especially at high current. Lee et al (Lee et al. 1996; Shin et al. 1997) 
studied in detail the thermo-responsive release behavior of indomethacin from PVA-
poly(acrylic acid) hydrogel and observed an increase in the release of the drug with the 
increase in temperature which was attributed to the higher extent of swelling behavior 
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of the hydrogel caused by the dissociation of hydrogen binding between PVA and 
poly(acrylic acid) at higher temperature. In the same work, it was reported (Lee et al. 
1996; Shin et al. 1997) that the swellability of PVA hydrogel decreases with increasing 
temperature i.e. PVA hydrogel is negative-temperature sensitive. So in our case, it is 
unlikely that the increase in release rate is due to the thermal effect arising from the 
passage of a constant current. 
The precise mechanism for the observed effect is obviously complex since none of the 
factors mentioned above can account for the phenomenon. The polyanionic nature of 
the heparin molecule would be expected to play an important role since the movement 
of such a molecule in the hydrogel matrix would be influenced by the electrical field 
generated by the passage of a current through the PPY substrate. Furthermore, some 
interactions between the polyanionic heparin molecules and the positively charged 
PPY backbone can be expected. With the passage of a current, these interactions may 
be altered which will affect the movement of the heparin molecules. Okuzaki (Okuzaki 
and Kunugi 1998; Okuzaki and Funasaka 2000a; Okuzaki and Funasaka 2000b) has 
also reported that the passage of a DC current through PPY film in ambient air can 
bring about contraction of the film. Any change in the dimensions of the PPY film may 
change the physical structure of the hydrogel layer which in turn affects its network of 
pores through which heparin will diffuse out. The precise mechanism would be more 
thoroughly investigated in a future project. 
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4.2.4 Conclusion 
The PPY-PVA-heparin film was prepared by covalent binding of a PVA-heparin 
hydrogel onto PPY film. The strong binding of the PVA-heparin hydrogel on the 
functionalized PPY film was experimentally confirmed. The water content of the 
hydrogel can be varied by changing the formaldehyde and HCl concentrations during 
the crosslinking of PVA. The equilibrium water content of the hydrogel prepared in 
this work varied between 32% and 90%, and the release behavior of heparin from the 
substrate depended on the swellability of the substrate. The released heparin retained 
its anticoagulant activity as verified by the platelet adhesion and PRT tests. It was 
found that the rate of heparin release from the PPY-PVA-heparin substrate can be 
electrically controlled. Electrical stimulation achieved by the passage of a constant 
current through the underlying PPY film resulted in an increase in the heparin release 
rate. Release of heparin from the substrate in a pulsatile pattern can be achieved, and 
using an electric current of 3.5 mA, the release rate during the passage of current was 











CHAPTER 5 POROUS AND ELECTRICALLY 
CONDUCTIVE POLYPYRROLE-POLY(VINYL 
ALCOHOL) COMPOSITE AND ITS 
APPLICATIONS AS A BIOMATERIAL 
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5.1 Introduction 
As mentioned in Chapter 1, electrically conductive polymers have vast potential in 
controlling and monitoring biointeractions via functioning as scaffolds, biosensors, 
controlled release matrices etc. One of the properties which has restricted the 
development of electrochemically synthesized PPY film is its flat surface with limited 
surface area. This has been overcome to some extent by chemical polymerization 
within porous host polymers (Ruckenstein and Park 1991), electrochemical 
polymerization within porous hydrogels (Small et al. 1997), and ion exchange of the 
synthesized polymer (Verghese et al. 1998). In the present work, we prepared porous 
PPY-PVA film via electrochemical synthesis using tetraethylammonium perchlorate 
(TEAP) as the electrolyte (PPY-PVA-TEAP). The use of TEAP in the electrochemical 
synthesis of PPY has been shown to produce a porous film (Ko et al. 1990), and the 
incorporation of PVA into the film can be expected to strongly attenuate the adsorption 
of proteins on the substrate thus enhancing its biocompatibility (Gilges et al. 1994; 
Leonard et al. 1995; Nash et al. 1997; Barrett et al. 2001; Coupe and Chen 2001). The 
so-prepared porous PPY-TEAP-PVA film with its large surface area, good permeability 
(Janda and Weber 1991; Schuhmann 1995), and hydrophilic character can be an ideal 
substrate for enzyme immobilization, as illustrated in the present work with glucose 
oxidase as the model enzyme. The enzyme was covalently attached to the PPY film via 
acrylic acid groups which were graft copolymerized with the film. The blood 
compatibility of the PPY-TEAP-PVA film was also assayed in terms of blood protein 
adsorption and compared with that of the conventionally synthesized “non-porous” 
PPY film. Finally, the film with its 3-D structure was investigated as a substrate for 
cell culture by studying the attachment and growth of rat phaeochromocytoma (PC12) 
cells. 
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5.2 Experimental Section 
5.2.1 Materials 
The acrylic acid (AAc) monomer obtained from Aldrich Chemical Co. was distilled 
before use. GOD (Type II from Aspergillus niger, 15,500 units g-1), peroxidase (Type I, 
from horseradish, 290,000 units g-1), β-D(+)-glucose and o-dianisidine were supplied 
by Sigma Chemical Co. 10× PBS was obtained from Pierce Chem. Co. Type I collagen 
(Vitrogen, 3.0 mg/ml in 0.012 N HCl) was purchased from Cohesion Technologies Inc. 
(USA). Trypsin-EDTA solution, penicillin-streptomycin, nerve growth factor (NGF), 
RPMI-1640, L-glutamine and heat-inactivated horse serum were all purchased from 
Sigma Chemical Co. Fetal bovine serum was obtained from Gibco. The solvents and 
other reagents were of analytical grade and were used without further purification. 
5.2.2 Electrochemical Synthesis of Porous Film 
Electrochemical polymerization of pyrrole was carried out using an Autolab- 
PGSTA30 (Metrohm Schmidt Ltd.) in a standard three-electrode cell. A platinum wire 
gauze served as the counter electrode (cathode), and an Ag/AgCl electrode was used as 
the reference electrode. Highly polished stainless-steel of two different shapes acted as 
the working electrode (anode): one was a rectangular plate while the other was a disc 
(bottom diameter 12 mm, top diameter 15 mm, and thickness ~2.5 mm) with a wire 
attached to the top. The reaction solution was prepared as follows: A PVA solution was 
first prepared by adding 5 g of PVA into 100 ml of doubly distilled water. The solution 
was stirred for 3 h at 80ºC to obtain a homogeneous solution which was then stored at 
room temperature. 15 ml of the above solution under stirring was purged with dry 
nitrogen for 30 min to remove dissolved oxygen. 5 ml of acetonitrile containing 2 g of 
TEAP was slowly added and the mixture was stirred until a homogeneous solution was 
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obtained. 0.5 ml of pyrrole was then added and the final mixture was stirred and 
degassed for another 10 min. PPY was electrodeposited on the working electrode by 
applying a cyclic potential between 0.3 V and 1.7 V for 100 scans in the above solution 
at room temperature and under a dry nitrogen atmosphere. The film obtained (PPY-
TEAP-PVA) was then removed from the electrode, and washed with water for 24 h. 
Finally, the film was dried under vacuum and then stored in a dry box. PPY-TEAP film 
was synthesized using the same conditions as PPY-TEAP-PVA but without PVA in the 
reaction mixture. 
5.2.3 Surface Characterization 
BET surface area measurements were carried out using a Quantachrome NOVA3000 
with N2 as the adsorbate. Refer to Section 3.1.2.5 for other characterizations. 
5.2.4 Protein Adsorption 
The extent of protein adsorption was examined using BFG as the model protein, 
because the adsorption of this protein is known to be closely related to the interaction 
of the blood components and the surface of the substrates (Goodman et al. 1991; 
Baumgartner and Cooper 1998). Refer to Section 3.2.2.3 for detailed procedure of 
protein adsorption experiment and quantification of adsorbed protein. 
5.2.5 Glucose Oxidase Immobilization 
(a) Graft Copolymerization with AAc 
The PPY-TEAP-PVA film was cut into strips of about 2 × 3 cm2 in size and subjected 
to argon plasma glow discharge for 10 s in an Anatech SP100 plasma system, equipped 
with a cylindrical quartz reactor chamber. The glow discharge was produced at a 
plasma power of 35 W, an applied oscillator frequency of 40 kHz and an argon 
pressure of approximately 80 Pa. The plasma treated film was then exposed to air for 
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8-10 min to affect the formation of surface peroxide groups (Suzuki et al. 1986). AAc 
aqueous solutions of concentration ranging from 0.5 to 6 vol.% were prepared in 
Pyrex® tubes and degassed with dry nitrogen for about 30 min. The plasma-pretreated 
PPY films were then immersed into the solution which was degassed for another 5 min. 
The tubes were tightly stoppered and sealed with silicon rubber stoppers and then 
exposed to UV irradiation for 35 min at 28ºC. The surface grafted films were then 
rinsed with copious amount of distilled water and then immersed in a water bath with 
continuous stirring for 24 h to remove the residual monomer and homopolymer. These 
samples are denoted as PPY-TEAP-PVA-AAc in the subsequent discussion. 
(b) Immobilization of GOD on the Surface Modified PPY Film 
The method of GOD immobilization used in the present work is similar to that 
reported for the immobilization of other enzymes, such as trypsin, on conventional 
polymer substrates (Kulik et al. 1993). For the covalent immobilization of GOD onto 
the PPY-TEAP-PVA-AAc film, the COOH groups of the grafted AAc polymer were 
preactivated for 1 h with WSC at 4ºC in 0.1 M PBS, containing 5 mg/ml of WSC. The 
polymer films were then transferred to the 0.1 M PBS(+) (pH 7.4, with 0.02 M CaCl2 
added) containing 4 mg/ml of GOD. The immobilization was allowed to proceed at 
4ºC for 10 h with gentle stirring and for another 10 h at the same temperature without 
stirring. After that, the reversibly bound GOD was desorbed in copious amounts of 
PBS(+) for 1 h at 25ºC.  
The amount of GOD immobilized on PPY film was determined by the modified dye-
interaction methods (Bonde et al. 1992; Kang et al. 1993) using the Bio-Rad protein 
dye reagent. The stock dye solution was diluted five times with doubly-distilled water. 
GOD solution (0.1 ml) of known concentration was added to 5 ml of the dye solution. 
The GOD-dye solution was kept for 3 h and centrifuged at 5000 rpm for 15 min. In the 
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latter process, the GOD-dye complexes were precipitated and the free dye remained in 
the upper layer. The absorbance of the supernatant at 465 nm (measured using a 
Shimadzu UV-3101 PC scanning spectrophotometer) was used for the standard 
calibration. For the quantitative determination of immobilized GOD, the dye solution 
(5 ml) was added to a test tube and the GOD immobilized PPY film was immersed into 
the dye solution. After 3 h of reaction, the film was removed and the absorbance of the 
dye solution was measured at 465 nm. The amount of GOD immobilized on the 
surface of PPY film was calculated from the standard calibration. 
(c) Enzymatic Assay of GOD 
The enzyme activity of the free and immobilized GOD was measured using the method 
reported in the Sigma Technical Bulletin (based on the continuous spectrophotometric 
rate determination of the amount of hydrogen peroxide formed) (1996). 3 ml of the 
assay mixture containing 0.1 ml of peroxidase solution (60 units/ml), 2.4 ml of dye 
buffer solution (0.21 mM of o-dianisidine solution in 0.05 M acetate buffer, pH 5.1), 
and 0.5 ml of β-D(+)-glucose solution (10 wt.%) was pipetted into a cuvette. When the 
absorbance at 500 nm was monitored to be constant, the reaction was initiated by 
either adding 0.1 ml of free GOD solution or by dipping the GOD-immobilized PPY 
film in the assay mixture. The increase in absorbance at 500 nm was recorded, and the 
maximum linear rate was used to evaluate the activities of the free and the covalently 
bound GOD.  
5.2.6 Cell Culture and Cell Attachment Assay* 
Rat PC12 cells from ATCC (American Type Culture Collection) were passaged at least 
once after thawing, and cultured in calf skin collagen-coated tissue culture flasks 
(Falcon) in RPMI-1640 supplemented with 10% heat-inactivated horse serum, 5% 
* This part of work was carried out by Cen Lian who was a research fellow in Prof Neoh's
 research group at Chemical & Biomolecular Engineering Department, NUS
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fetal bovine serum, 100 U/ml penicillin-streptomycin and 0.3 g/l L-glutamine. The 
cells were maintained at 37ºC in an incubator with a humidified 5% CO2 atmosphere. 
The medium was replaced every other day and the cells were passaged following 
detachment with trypsin (0.25% trypsin-EDTA) (Akeson and Warren 1986; Blackman 
et al. 1993). 
PPY-TEAP-PVA films in round disc shape were placed in a 24-well tissue culture 
polystyrene plate. The plate with the PPY films was then sterilized with 70% ethanol 
for 3 h and washed three times with PBS. Some of the substrates were coated with 
0.01% collagen solution in PBS overnight before the cell culture was carried out at 
room temperature. The cell attachment on four types of surfaces was assayed: collagen 
pre-coated and uncoated PPY-TEAP-PVA film, collagen pre-coated and uncoated 
tissue culture polystyrene (TCPS). 
Cells were detached from the tissue culture flasks, collected by centrifugation, and 
resuspended in RPMI-1640 supplemented with 10% heat-inactivated horse serum, 5% 
fetal calf serum and 100 U/ml penicillin-streptomycin at a density of 2.5 × 105 cells/ml 
as determined by a hemocytometer. 200 µl of the above cell-containing medium was 
then dispensed on the 24-well tissue culture plate containing the different films so as to 
yield the desired cell density of 5 × 104 cells/well. The plate was then placed in an 
incubator with a humidified 5% CO2 atmosphere. The above experiment was also 
performed under the same conditions with the addition of NGF in the above medium at 
a concentration of 50 ng/ml. This concentration has been shown to induce maximal 
neurite outgrowth (Damon et al. 1988). 
For the cell attachment assay, the plate was taken out from the incubator after 2 h and 
gently shaken. The medium in each well containing unattached cells was aspirated, and 
the well was immediately washed three times with PBS. An aqueous solution of 3 
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vol.% glutaraldehyde was added and the sample was stored at 4ºC for 5 h. The 
glutaraldehyde solution was then removed and the sample was washed with PBS, 
followed by step dehydration with 25%, 50%, 70%, 95% and 100% ethanol for 10 min 
each. The sample was then dried and sputter-coated with a thin film of platinum for 
SEM characterization. 
The attached PC12 cells on different surfaces were also cultured for 2 days either in 
RPMI-1640 (supplemented as described above) or in the same medium with the 
addition of NGF at 50 ng/ml. The corresponding medium was replenished every day. 
At the end of the culture period, the samples were immediately washed with PBS and 
treated with 3 vol.% glutaraldehyde for 5 h at 4ºC and characterized by SEM. 
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5.3 Results and Discussion 
5.3.1 Characterization 
A comparison of the surface composition of the PPY-TEAP and the PPY-TEAP-PVA 
films as determined by XPS is shown in Figure 5.1. These results were obtained for the 
film surface facing the electrode during electropolymerization since this surface was 
utilized for the experiments described in the earlier section. The presence of peak 
components at 286.2 eV (C-OH), 287.6 eV (C=O) and 288.7 eV (COOH) in the C 1s 
core-level spectrum of the PPY-TEAP (Figure 5.1a) indicates some surface oxidation 
or charge-transfer complexing with oxygen. The N 1s core-level spectrum of the PPY-
TEAP film (Figure 5.1b) shows a predominant peak at 399.4 eV due to the NH species 
and a high binding energy tail above 400 eV attributable to positively charged nitrogen. 
A small peak component at 397.7 eV (−N=) may be the result of either some degree of 
overoxidation during the electrochemical polymerization of the film or deprotonation 
during the washing of the film after polymerization. The N+/N ratio is about 0.29, 
which is consistent with the doping level of PPY reported in a previous study (Zhang 
et al. 1996). The presence of a Cl 2p core-level signal at about 207 eV (attributed to the 
ClO4- anions) in the wide-scan spectrum of the film further confirms the doped state of 
the film. For PPY-TEAP-PVA film, the C 1s core-level spectrum (Figure 5.1c) shows 
the same peak components as those of the PPY-TEAP film (Figure 5.1a), but there is a 
significant increase in the intensity of the peak component at 286.2 eV (C-OH). This 
indicates that PVA molecules have been incorporated into the film during 
electrochemical polymerization. The incorporation of PVA into the PPY film did not 
significantly affect the N+/N ratio (~ 0.30, Figure 5.1d).  
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Figure 5.1 XPS C 1s and N 1s core-level spectra of (a) and (b) 
PPY-TEAP film, (c) and (d) PPY-TEAP-PVA film. 
 
Although the doping level (as indicated by the N+/N ratio) of the PPY-TEAP and PPY-
TEAP-PVA films is similar to that of the PPY film commonly prepared using toluene 
sulfonic acid (TSA) as the doping agent in acetonitrile (PPY-TSA film) (Section 
3.1.2.2), the conductivity of the former is an order of magnitude lower than that of the 
latter (Table 5.1). This result is consistent with an earlier report which suggested that 
the N+/N ratio of PPY is an intrinsic property of the polymer and does not vary much 
with the synthesis conditions or composition of the polymer (Salmon et al. 1982). On 
the other hand, conductivity is dependent on factors like polymer chain length or 
length of the regions of conjugation within the polymer which are determined by the 
synthesis conditions of the polymer. In the present work, the lower conductivity of the  
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Table 5.1 Surface properties of PPY-TSA, PPY-TEAP and PPY-TEAP-PVA films 
Film Electrical conductivity* σ (S cm-1) 
Water contact angle* 
(θ°) 
BET surface area 
(m2/g) 
PPY-TSA 78 ± 1 76 ± 1 0.9 
PPY-TEAP 7 ± 1 35 ± 1 - 
PPY-TEAP-PVA 7 ± 1 20 ± 1 73 
* The characterization was performed on the film surface facing electrode. 
 
PPY-TEAP-PVA film as compared to the PPY-TSA film is likely to be due to the 
aqueous medium used for the film synthesis since films prepared in such medium 
contain higher concentrations of hydroxide and/or carbonyl groups (See Figure 5.1a) 
which will result in shorter chain lengths and higher electrical resistance (Ko et al. 
1990). The micropores in the film could also contribute to a decrease in conductivity. 
Furthermore, the doping agent may also play a role in determining the conductivity of 
the films. TSA has been shown to induce a degree of crystallinity (Kiani et al. 1992), 
which results in higher conductivity, and the sulfonated aromatics have been suggested 
to exhibit surfactant-like behavior which stabilizes the radicals and presumably 
protects the polymer from unwanted side reactions with the solvent, oxygen, or other 
nucleophiles (Wallace et al. 2003). In spite of these factors, the porous PPY-TEAP and 
PPY-TEAP-PVA films are still highly conductive (7 S cm-1). 
The surface morphologies of the synthesized PPY-TEAP-PVA, PPY-TEAP films are 
shown in Figure 5.2. The surface of the PPY-TEAP-PVA film facing the electrode 
(Figure 5.2a) is microporous (with pores ~2 µm) and is not significantly different from 
that of PPY-TEAP (Figure 5.2c), which indicates that the incorporation of PVA into the 
polymer matrix did not affect the morphology of the film. The surface of PPY-TEAP-
PVA film facing the electrolyte solution shows a typical “cauliflower” morphology 
(Figure 5.2b), which is again similar to that of the PPY-TEAP film. From the cross-
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sectional SEM image (inset of Figure 5.2b), the pores appear to be confined to the top 
5 µm region of the PPY-TEAP-PVA surface facing the electrode. While the electrolyte-
facing surface of a PPY-TSA film of the same thickness is quite similar to Figure 5.2b,
  
 
(a) PPY-TEAP-PVA surface facing 
electrode 
(b) PPY-TEAP-PVA surface facing 
electrolyte solution 
(c) PPY-TEAP surface facing electrode (d) PPY-TSA surface facing electrode 
Figure 5.2 SEM images of (a) PPY-TEAP-PVA surface facing electrode, (b) PPY-
TEAP-PVA surface facing electrolyte solution, (c) PPY-TEAP surface facing electrode, 
and (d) PPY-TSA surface facing electrode. Inset in (b) shows the SEM image of the 
cross-section of the PPY-TEAP-PVA film. The surface facing the electrode is on the 
left. 
 
the surface of the PPY-TSA film facing the electrode does not show a porous nor 
“cauliflower” morphology (Figure 5.2d).The presence of micropores on the PPY-
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TEAP-PVA film surface results in a significant increase in the surface area of the film 
compared to that of the “non-porous” PPY-TSA film (Table 5.1).  
The amount of BFG adsorbed on the PPY-TSA , PPY-TEAP and PPY-TEAP-PVA 
films are compared in Table 5.2. It can be seen that protein adsorption is significantly 
reduced on the PPY-TEAP-PVA film compared with that on PPY-TEAP even though 
the introduction of PVA did not change the surface morphology of the film (Figure 5.2).  
Table 5.2 Comparison of BFG adsorption on PPY-TSA, PPY-TEAP and PPY-
TEAP-PVA films 
BFG adsorption 
Film Based on geometrical area  
(µg/cm2) 
Based on BET area  
(ng/cm2) 
PPY-TSA 3.40 99.42 
PPY-TEAP 10.78 - 
PPY-TEAP-PVA 3.17 1.14 
 
This observed reduction in protein adsorption is mainly due to the increased 
hydrophilicity of the PPY-TEAP-PVA (water contact angle of ~20°) compared to PPY-
TEAP (water contact angle of ~35°) as a result of the incorporation of the PVA polymer 
(Table 5.1). The amounts of BFG adsorbed on PPY-TSA and PPY-TEAP-PVA are 
nearly the same (Table 5.2), but after normalization with the BET area, the BFG 
adsorption on PPY-TEAP-PVA is about 2 orders of magnitude lower than that on PPY-
TSA (Table 5.2). This may again be due to the increased hydrophilicity of the PPY-
TEAP-PVA film compared to PPY-TSA (water contact angle of ~76°) (Azioune et al. 
2002). The significant difference in the electrical conductivity of these films is not 
expected to be a factor since an earlier work has shown that PPY films of different 
electrical conductivities possess about the same ability to bind protein (Smith and 
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Knowles 1991). Thus, the low extent of protein adsorption (~1 ng/cm2) on the PPY-
TEAP-PVA film illustrates the good blood compatibility of this film. 
5.3.2 Glucose Oxidase Immobilization 
The presence of the AAc-linker group graft copolymerized on the PPY-TEAP-PVA 
film was indicated by a distinct peak at about 288.7 eV in the C 1s core-level spectrum 
attributable to the carboxylic acid (COOH) groups (Figure 5.3a). The intensities of the 
C-OH peak and the N 1s core-level signal of the PPY-TEAP-PVA film surface after
   






















Figure 5.3 XPS C 1s core-level spectra of (a) PPY-TEAP-PVA film graft 
copolymerized with AAc (using a 6 vol.% AAc monomer concentration) and (b) the 
corresponding film after GOD immobilization. 
 
surface-graft copolymerization with AAc are significantly reduced due to the coverage 
of the film surface by the AAc copolymer. The extent of AAc graft copolymerization 
can be expressed as the [COOH]/[N] ratio (calculated from the corrected area ratio of 
the COOH peak component and the total N 1s area due to the PPY film). With the 
increase in AAc monomer concentration, the AAc graft copolymer increases as shown 
in Figure 5.4. With subsequent GOD immobilization on the AAc graft copolymerized 
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PPY-TEAP-PVA, the intensity of the peak at 288.7 eV is largely reduced, while the 
intensity of the peak at 287.8 eV attributed to the newly formed amide linkage between 
the carboxyl groups of AAc and the amine groups of GOD as well as the amide groups 
of GOD itself is significantly enhanced. In fact, the three well resolved peaks at 284.6, 
286.2 and 287.8 eV in the C 1s core-level spectrum in Figure 5.3b are in good 
agreement with previously published spectra for GOD (Debenedetto et al. 1994; 
Guiomar et al. 1999). The presence of GOD immobilized on the PPY-TEAP-PVA film 
was also confirmed by the significant increase in the intensity of N 1s core-level signal 
(at about 400 eV) in the wide-scan spectrum of the film surface. 















































Figure 5.4 Surface graft concentration of AAc copolymer and amount of GOD 
immobilized as a function of AAc monomer concentration used in the graft 
copolymerization process. Note: the amount of GOD is expressed as mass per 
geometrical surface area. 
 
The amount of immobilized GOD, as determined using the protein-dye reagent and 
expressed in weight per unit geometrical surface area of the film, is plotted against the 
AAc monomer concentration in Figure 5.4. With the increase in AAc monomer 
  161
concentration, the amount of GOD immobilized on the film increased. This is expected 
since as the AAc graft copolymer concentration increases, the amount of GOD 
immobilized via the covalent coupling between the grafted AAc chains through the 
WSC intermediate would also increase. However, when the AAc monomer 
concentration is more than 3 vol.%, the concentration of immobilized GOD no longer 
shows an increase. This may be due to the extensive coverage of the film’s porous 
surface by the AAc copolymer and subsequent decrease in surface roughness or 
surface area. Nevertheless, as a result of the high surface area of the PPY-TEAP-PVA 
film, the amount of GOD immobilized is greatly enhanced (about 10 times more) 
compared with that obtained in our previous work on the non-porous PPY-TSA (Cen et 
al. 2003). This increase is also higher than that obtained in another study (Verghese et 
al. 1998), where GOD loading by physical adsorption was increased by more than 
200% on polyaniline films whose porosity was increased by ion exchange. Although 
the BET surface area of the PPY-TEAP-PVA film is about 80 times greater than that of 
the PPY-TSA, the amount of GOD immobilized would not be expected to increase by 
that factor correspondingly since the GOD molecule is much larger than N2 used for 
the BET surface area determination. As such, not all the pores would be accessible to 
the GOD molecules. At the same time, it should be noted that the surface modification 
of the PPY film with GOD resulted in a decrease in electrical conductivity. 
Nevertheless, the film remained sufficiently conductive (~ 4 S cm-1) to function as an 
electrode material. 
The activity of the immobilized GOD in Units (defined as the number of μmols of β-
D-glucose oxidized to D-gluconolactone per minute), and the relative activity (defined 
as the ratio of the observed surface enzyme activity over the activity obtained from an 
equivalent amount of the free enzyme) are plotted against the AAc monomer 
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concentration in Figure 5.5. The increase in observed enzyme activity with increasing 
AAc monomer concentration must be associated with the increase in the amount of 
enzyme immobilized (Figure 5.4). However, the relative activity of the GOD decreased 
with increasing amount of enzyme immobilized (Figure 5.5). This decrease in enzyme 
activity is a phenomenon commonly observed in enzyme immobilization on polymers 
(especially via covalent bonding) and is usually interpreted, either as a minor modifi- 








































Figure 5.5 Observed enzymatic activity and relative activity of the covalently 
immobilized GOD on PPY film as a function of AAc monomer concentration used in 
the graft copolymerization process. Note: the activity of immobilized GOD is 
expressed as units per geometrical surface area. 
 
cation in the enzyme tertiary structure that may be reflected in the distortion of amino 
acid residues involved in catalysis, or on the basis that the analyte approach to the 
active site of the enzyme is hindered (Caliceti et al. 1993). Thus, with the 10-fold 
increase in the amount of GOD immobilized on the film in this work compared with 
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our previous work (Cen et al. 2003), it is not surprising that the relative activity of the 
GOD in the present work (20-25%) is lower than that (20-35%) in our previous study. 
5.3.3 Cell Attachment and Growth 
(a) Cell Attachment on PPY-TEAP-PVA Film 
Figure 5.6 shows the SEM images of PC12 cells attached on TCPS and the PPY-
TEAP-PVA film after cell seeding in the absence of NGF for 2 h at 37ºC. The cells 
attached on the collagen uncoated TCPS were rounded and well distributed with some  
(a) collagen uncoated TCPS (b) collagen uncoated PPY-TEAP-PVA 
(c) collagen pre-coated TCPS (d) collagen pre-coated PPY-TEAP-PVA 
 
Figure 5.6 SEM images of PC12 cells after culturing for 2 h on collagen uncoated 
(a) TCPS and (b) PPY-TEAP-PVA, and collagen pre-coated (c) TCPS and (d) PPY-
TEAP-PVA. 
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spreading (Figure 5.6a). Furthermore, it was observed that on the flat surface of the 
well in the tissue culture plate, the cells tend to distributed more towards the edge of 
the well during the initial cell seeding. On PPY-TEAP-PVA, the adhesion of PC12 
cells was significantly enhanced as shown in Figure 5.6b. The porous and uneven 
surface morphology of the PPY-TEAP-PVA may account for such an enhancement by 
inhibiting cells on its surface from floating away in the medium. It has also been 
demonstrated that concave pores or convex particles on ethylene vinyl alcohol 
membrane surface have a great influence on the behavior of various kinds of cells 
(Young et al. 1998; Young et al. 2001; Liu et al. 2004).  
From Figure 5.6c, it can be seen that the cell attachment increased substantially on 
collagen pre-coated TCPS compared with the collagen uncoated one (Figure 5.6a), and 
a certain portion of the adhered cells spread well. On the other hand, on collagen pre-
coated PPY-TEAP-PVA film surface (Figure 5.6d), there is no obvious increase in the 
amount of adhered cells compared with the collagen uncoated one (Figure 5.6b). 
However, the cell spreading was significantly established (Figure 5.6d) and the cells 
covered the porous surface in an irregular fashion. Surface coating with collagen can 
exert effects on the adhesion, morphology, growth, migration and differentiation of a 
variety of cell types as a result of the interaction between the conserved amino acid 
sequences (such as RGDS, YIGSR) in collagen molecules and the integrin family of 
cell surface receptors (Menko and Boettiger 1987; Werb et al. 1989; Adams and Watt 
1990). In the present case it appears to promote cell adhesion on the flat TCPS surface, 
while on the porous surface the substrate morphology plays a more important role than 
the collagen in affecting cell adhesion and the main effect of the collagen seems to be 
the promotion of cell spreading. Since the attachment of nerve cells on a substrate 
plays an important role in the subsequent cell growth on a material (Elghannam et al. 
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1995), the successful adhesion of PC12 cells on PPY-TEAP-PVA is thus a promising 
feature for cell culture. 
(b) Cell Growth on PPY-TEAP-PVA Film 
The viability and assumption of the characteristics of sympathetic neurons of the PC12 
cells attached on the PPY-TEAP-PVA were assessed after culturing for 48 h. For the 
NGF primed cells, the culture medium was changed 2 h after cell seeding to the full 
medium supplemented with 50 ng/ml NGF. Figure 5.7a and b show the SEM images of 
NGF primed PC12 cells after culturing for 48 h on collagen uncoated PPY-TEAP-PVA. 
Compared with Figure 5.6b, the cell density has increased and most of the cells have 
spread on this surface. Neurites around the cell bodies can be observed, and some 
neurites and even cell bodies span across the pores of the PPY-TEAP-PVA with 
neurites growing three dimensionally (Figure 5.7b). The increase in the cell population 
on the surface ascertains the viability of the cells and their ability to proliferate. For the 
PPY-TEAP-PVA which was pre-coated with collagen, the cells after culturing with 
NGF containing medium already reached confluence after 48 h as shown in Figure 
5.7c. The surface was almost completely covered with the cell layer, and the cells have 
established communication with each other successfully and no separate cell body is 
discernable. Although small neurites can still be observed at the edge of the cell layer 
(Figure 5.7d), the high density of the cells and/or the significant proliferation inhibits 
the development of neurites laterally due to the lack of space. The cell upper surface in 
Figure 5.7d shows increased roughness (compared to that seen in Figure 5.7b), which 
may be due to neurite growth on the upper surface. Hence, the pre-coating of collagen 
on PPY-TEAP-PVA has resulted in the significant enhancement of cell proliferation 




(a) collagen uncoated PPY-TEAP-PVA with 
NGF 
(b) collagen uncoated PPY-TEAP-PVA with 
NGF 
(c) collagen pre-coated PPY-TEAP-PVA 
with NGF 
(d) collagen pre-coated PPY-TEAP-PVA 
with NGF 
 
(e) collagen pre-coated PPY-TEAP-PVA 
without NGF 
(f) collagen pre-coated PPY-TEAP-PVA 
without NGF 
 
Figure 5.7 SEM images of PC12 cells after culturing for 48 h on (a) and (b) 
collagen uncoated PPY-TEAP-PVA in the presence of 50 ng/ml NGF, (c) and (d) 
collagen pre-coated PPY-TEAP-PVA in the presence of NGF, and (e) and (f) collagen 
pre-coated PPY-TEAP-PVA in the absence of NGF. 
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of cell confluence after 2 days are lower than that on similarly collagen pre-coated 
PPY-TEAP-PVA (Figure 5.7d), even though the collagen coating resulted in increased 
adhesion of cells in the former as shown in Figure 5.6.  
The cell growth on the collagen pre-coated PPY-TEAP-PVA was further investigated 
in the absence of NGF as shown in Figure 5.7e and f. After 48 h, cell confluence on 
this surface was also observed with high cell density (Figure 5.7e), though not as high 
as that in the presence of NGF (Figure 5.7c). Some pores were already filled with the 
extracellular matrix (ECM) of the cells while others remained open. Moreover, it is 
interesting to note the growth of neurites in a multidirectional fashion (Figure 5.7f). 
Thus, even without NGF, the pre-coated collagen layer on the PPY-TEAP-PVA surface 
can have a significant effect on the cell growth and proliferation. It is possible that the 
porous PPY-TEAP-PVA coated with collagen may to some degree mimic the structure 
of ECM. Cell adhesion to this substrate facilitated by integrin receptors may thus 
trigger signals that regulate the anchoring and survival of cells, and further direct cell 
proliferation and differentiation. The porous structure of the PPY-TEAP-PVA may also 
account for the reason why the adhered cells spread better than on the flat TCPS 
surface since the poorer signal triggering on the latter results in a limitation of their 
subsequent growth. Furthermore, these pores can also act as a reservoir to deliver 
nutrients to the adhered cells, in contrast to the cells on the flat surface which can only 
obtain nutrients from the medium above the surface. Hence, the porous electrically 
conducting PPY film presents the possibility for fabrication as a scaffold which can 
have the potentially additional benefit of electrical stimulation, since it has been shown 




PPY-TEAP-PVA films with microporous structure and thus high surface area have 
been successfully prepared. The presence of PVA in the film made the substrate more 
hydrophilic and biocompatible as indicated by lower fibrinogen adsorption on this film 
compared to that on the PPY-TEAP film. The properties of the PPY-TEAP-PVA film 
such as high electrical conductivity, high surface area and excellent biocompatibility, 
made the substrate suitable for biosensor fabrication. GOD was used as the model 
enzyme. The amount of GOD covalently immobilized on the porous substrate was 
about an order of magnitude higher than that on the non-porous PPY film, although a 
small decrease in relative activity was observed probably as a result of increased steric 
hindrance. The PPY-TEAP-PVA film appears to be a good support for PC12 cell 
culture. The attached cells spread and grew well, and the surface was almost 
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The tasks we have proposed at the beginning of the project including development of 
techniques for covalently attaching biomolecules and hydrogel onto PPY film, 
bioactivity assay of the surface modified PPY films with and without electrical 
stimulation, and synthesis and applications of porous PPY substrate, have been 
addressed. These are summarized below: 
Several surface functionalization techniques have been carried out on electroactive 
conductive polymer PPY and assessments of the functionalized PPY films have been 
performed to evaluate their performances under various working environments. 
A technique of covalent binding heparin onto PPY was developed. Firstly, PPY film 
was graft copolymerized with PEGMA to introduce hydroxyl groups on the film 
surface. After activation of these hydroxyl groups with CC, heparin was covalently 
immobilized. The PEGMA copolymer chains on the PPY film not only enhance the 
hydrophilicity of the film but also act as spacer for the heparin molecule to maximize 
the activity of the immobilized heparin. In addition, the PEGMA graft concentration on 
the film surface which was determined by the PEGMA monomer concentration played 
a key role in controlling the amount of immobilized heparin. The heparin immobilized 
on the PPY film with highest concentration of PEGMA copolymer possessed the 
highest bioactivity, which was indicated by lowest platelet adhesion, lowest platelet 
activation, longest PRT, highest ratio of albumin adsorption to fibrinogen adsorption. 
After heparin immobilization, the electrical conductivity of the PPY film significantly 
decreased (from 78 S cm-1 of pristine PPY to 9 S cm-1 of PPY-Hep (5)). However, the 
film remained enough electrical conductivity for electrical stimulation to be carried out. 
The effect of electrical stimulation on enhancing the biocompatibility of the conductive 
polymers was explored and the passage of a DC current of 50 μA through the various 
PPY films has been shown to prolong PRT by about 120 s and inhibit platelet adhesion 
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as well. Electrical stimulation (with a pre-stimulation time of 30 min) was also 
effective in inhibiting albumin and fibrinogen adsorption on the PPY film. 
The surface functionalization technique was extended to the immobilization of PVA 
onto polymeric substrates, and the applications of the systems as biocompatible 
material and drug release carrier were explored. Firstly, PVA hydrogel was 
successfully immobilized on PET film. PET was surface grafted with PEGMA 
copolymer which was subsequently oxidized with a mixture of acetic anhydride and 
dimethyl sulfoxide to introduce aldehyde groups on the film. PVA hydrogel was thus 
immobilized by casting a layer of PVA solution on the film followed by heat-treatment. 
The synthesized PET-PVA substrate retained the smoothness of the pristine PET film 
while the biocompatibility of the film was significantly improved. In addition, since 
the PVA layer can behave as a matrix, various biomolecules can be immobilized via 
physical entrapment during the fabrication of the substrate to further enhance its 
function. The hydroxyl groups on PET-PVA film surface arising from the presence of 
PVA can be derivatized into various kinds of functional groups to covalently couple 
with biomolecules. In the present work, they were activated by thionyl chloride 
followed by coupling with heparin.  
The PVA hydrogel immobilization on PPY film was carried out in a similar way as that 
on PET film. By observing the SEM image of the cross-section of the PPY-PVA film 
and from the peel off test, it can be concluded that the PVA layer was successfully 
immobilized on the PPY film. Since the immobilized PVA layer is water swellable, the 
physically entrapped heparin molecules can diffuse out into the receiving medium. 
Thus, the as-obtained substrate PPY-PVA was explored as a carrier for controlled drug 
release. For such purpose, two different techniques have been utilized. One is to 
control the swellability of the substrate (which can be varied between 32% and 90% in 
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the present work) by changing the formaldehyde and HCl concentrations during the 
crosslinking of PVA. The other is to apply a constant current through the underlying 
PPY film, i.e. electrical stimulation. The release behavior of heparin from the former 
was determined by the rate of diffusion through the substrate while the release 
behavior from the latter can be controlled by changing the magnitude of current, and 
the duration of and intervals between pulses. Hence, the PPY-PVA substrate has 
potential application for controlled drug release.  
Microporous PPY film (PPY-TEAP-PVA) was successfully prepared via an 
electrochemical process and its biomedical applications were investigated. With high 
hydrophilicity, the substrate was more biocompatible as indicated by lower fibrinogen 
adsorption on this film than on the PPY-TEAP film. With high electrical conductivity 
and high surface area, the PPY-TEAP-PVA substrate proved to be suitable for 
biosensor fabrication. In addition, the porous nature of the PPY-TEAP-PVA film 











CHAPTER 7 RECOMMENDATIONS FOR 
FURTHER STUDY 
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Surface Modification of PPY Film with Heparin 
This study has shown that PPY film can be modified with anticoagulant heparin. An 
avenue of further research would be to increase the concentration of immobilized 
heparin while retaining its activity, which will be beneficial for the further 
improvement of the biocompatibility of the PPY surface. This may be achieved by 
using a more efficient activation process (activation reagent for example 
hexamethylene diisocyanate, temperature, solvent and time). In addition, the 
characterization of the blood compatibility of the heparin immobilized PPY film, 
platelet adhesion and blood coagulation assays under flow conditions should be carried 
out since the ability of platelets to adhere to biomaterials is complicated by the 
presence of blood flow which imposes hydrodynamic forces on adhesion contacts.  
Interaction between PPY and Blood System under Electrical 
Stimulation 
As stated in Section 3.1.3.7, good results were obtained in applying electrical 
stimulation to improve the blood compatibility of the PPY film. However, the exact 
mechanism underlying this improvement is unclear. We can only eliminate some 
possible factors such as temperature, pH and electrophoresis, and the reaction between 
the substrate and the blood system under electrical stimulation is fairly complex. Some 
future work which may help to provide more understanding of the interaction between 
PPY film and blood system under electrical stimulation are: 
1) Molecular modeling and simulation of the adsorption of the different types of 
proteins. 
2) Use of metal electrode instead of PPY as the substrate to study the effect of surface 
charges on protein adsorption. 
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3) Use of proteins with higher isoelectric points to study the effect of electrical 
stimulation on changing the adsorption of proteins with different charges. 
Controlled Release of Drugs under Electrical Stimulation 
Chapter 4 has shown that the controlled release of heparin from the PPY-PVA-heparin 
composite system can be achieved with a current ranging from 0.2-3.5 mA, and the 
higher the current, the higher the release rate. The next step would be to increase the 
current and test whether the release rate can be further enhanced. More efforts may be 
devoted to improve the pulsatile release behavior of the system by changing the time 
interval between pulses and the duration of electrical pulses.  
A better understanding of the underlying mechanism is also necessary. One way is to 
explore the release of neutral or positively charged drugs from the same matrix to test 
how the polyanionic nature of heparin affects its release. In addition, instead of current 
passing through the PPY film, a constant potential was applied on the PPY film to 
study the difference in the results from these two different configurations. With a better 
understanding of the mechanism, the PPY-PVA system can be explored for other types 
of drugs. 
Cell Attachment and Growth on PPY-TEAP-PVA Film 
In Section 5.3.3, it has been shown that the porous PPY-TEAP-PVA film appears to be 
a good support for PC12 cell culture. A more detailed study on the use of substrate as a 
scaffold for neurons as well as other cells is recommended for future work. In addition, 
it has been shown that electrical stimulation promotes the neurite outgrowth (Shastri et 
al. 1996; Schmidt et al. 1997) and alters the protein adsorption on PPY film (Section 
3.2). Thus, with this substrate, the application of electrical stimulation coupled with the 
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effects of the porous structure on neurite outgrowth and other cellular events is a 
promising subject for further investigation. 
Furthermore, as discussed in Chapter 2, various molecules can be incorporated into the 
PPY film during its synthesis. Heparin, a powerful anticoagulant and also a component 
of extracellular matrix of blood vessels, has been widely used during the studies in this 
area. It has been reported that the endothelial cells attachment and growth were 
significantly enhanced on PPY film containing heparin compared with that on PPY 
film containing nitrate (Garner et al. 1999a). Hence as an extension to the work 
described in Chapter 5, the incorporation of heparin into porous PPY composites and 
the ability of such materials to support endothelial cell growth with and without 
electrical stimulation may be investigated. In addition, growth factors may also be 
incorporated into PPY composite either through physical entrapment during 
electrochemical synthesis or via covalent binding during post-functionalization. The 
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APPENDIX 
Appendix A: Electrochemical Synthesis of Polypyrrole Film 
 7.608 g of TSA (measured using an electronic balance), 4 ml of distilled water 
(measured using a pipette) and acetonitrile were added into a 600 ml glass beaker to 
make 400 ml of electrolyte solution. The mixture was degassed using dry nitrogen 
under stirring in an ice bath for 20 min. Three electrodes i.e. counter electrode, 
reference electrode, and working electrode were then inserted into the solution as 
shown in the following Scheme. 2.8 ml of pyrrole was pipetted into the solution and 
the solution was purged with nitrogen for another 5 min. Finally, the PPY film was 

















Pt wire gauze 
0.1 M toluene-4-sulfonic 
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0.1 M pyrrole 
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Appendix B: Electrical Stimulation for in-vitro Blood Compatibility 
Assay 
A piece of PPY film (about 2.5 × 2.0 cm2 in size for PRT test, and 1.5 × 1.0 cm2 for 
platelet adhesion test) was placed on a clean glass slide. The two ends of the PPY film 
were connected with Al foil using copper tapes in the way shown in the following 
Scheme (Part (a)). The copper tapes also played a role in fixing the PPY film onto the 
slide. For the film under electrical stimulation, the Al foils at the two ends of the film 
were connected to a circuit using crocodile clips. The circuit consisted of an adjustable 
resistor, a digital multimeter and a power supply (Hewlett Packard 6212B). The power 
was turned on and the resistor was adjusted till a current of 50 μA was obtained. PRT 
test or platelet adhesion test was then performed on the PPY film. The PPY film 
(similarly placed on a glass slide) without electrical stimulation (Part (b) of Scheme) 
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